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1. INTRODUCTION 

Although a voluminous l i t e r a t u r e  e x i s t s  concerning t h e  s tudy  o f  coa l  char-gas 
r e a c t i o n  sys tems,  t h e  unde r s t and ing  of t h e  a c t u a l  mechanisms and t h e  r o l e s  of hea t  
and mass t r a n s p o r t  i n  t h e  o v e r a l l  conve r s ion  p rocess ,  a r e  s t i l l  f a r  from complete. 
One d i f f i c u l t y  i n  de te rmining  i n t r i n s i c  r e a c t i o n  mechanisms i n  many previous  
s t u d i e s  can  be a t  l e a s t  p a r t i a l l y  a t t r i b u t e d  t o  t h e  u s e  o f  " s t eady- s t a t e "  condi- 
t i o n s .  
p l a u s i b l e  models which a l l  y i e l d  roughly  t h e  same o v e r a l l  g a s i f i c a t i o n  r a t e .  Dis- 
c r imina t ion  among c a n d i d a t e  models i s  d i f f i c u l t  under  t h e s e  cond i t ions ,  and the re  
i s  no guarantee  t h a t  t h e  model f i n a l l y  s e l e c t e d  a c t u a l l y  r e f l e c t s  t h e  t r u e  mech- 
anism over  a wide range  of o p e r a t i n g  cond i t ions .  
ments r evea l  r e l a t i v e l y  l i t t l e  concern ing  t h e  d e t a i l e d  sequence of elementary s t e p s  
t h a t  c o n s t i t u t e s  t h e  i n t r i n s i c  r e a c t i o n  mechanism. 

In  a d d i t i o n  t o  d i f f i c u l t i e s  i n  model d i s c r i m i n a t i o n ,  t h e  types  of l abora to ry  
r e a c t o r s  which have been used  i n  c o a l  g a s i f i c a t i o n  k i n e t i c  s t u d i e s  may have a l s o  
con t r ibu ted  t o  d a t a  i n t e r p r e t a t i o n  problems t h a t  a r e  we l l  known f o r  heterogeneous 
c a t a l y t i c  systems [ e . g . ,  see ( 1 - 3 ) J .  

i n  o rde r  t o  deve lop  a fundamental  d e s c r i p t i o n  of t h e  r e a c t i o n  mechanisms of t h e  
heterogeneous c o a l  char -gas  r e a c t i o n s  us ing  an exper imenta l  system and techniques  
which a l low t h e  elementary s t e p s  t o  be b e t t e r  i d e n t i f i e d .  More s p e c i f i c a l l y ,  t h e  
approach invo lves  t h e  a p p l i c a t i o n  of a "g rad ien t l e s s "  r e a c t o r  system coupled with 
a supersonic ,  modulated molecular  beam mass spec t rometer ,  and t r a n s i e n t  response 
techniques  t o  cha r  g a s i f i c a t i o n  k i n e t i c  s t u d i e s .  The t r a n s i e n t  behavior  of a reac-  
t i o n  system a s  it proceeds  from one  s t e a d y - s t a t e  t o  ano the r  upon p e r t u r b a t i o n  of 
system s t a t e  v a r i a b l e s  e x h i b i t s  c h a r a c t e r i s t i c s  r e f l e c t i v e  o f  t h e  n a t u r e  o f  the de- 
t a i l e d  k i n e t i c  mechanism. Fur thermore ,  i n  a d d i t i o n  t o  t r a n s i e n t  d a t a ,  t h e  usua l  
s t e a d y - s t a t e  r e s u l t s  a r e  a v a i l a b l e  as well .  
employed as an a i d  i n  model d i s c r i m i n a t i o n ,  mechanism de te rmina t ion ,  and, u l t ima te -  
l y ,  parameter e s t i m a t i o n .  

(1) it s i m p l i f i e s  t h e  mathemat ica l  a n a l y s i s  of  t h e  t r a n s i e n t  d a t a  due  t o  t h e  r e s u l t -  
a n t  lumped parameter d e s c r i p t i o n  o f  t h e  t r a n s i e n t  response ;  and (?) i t  s i g n i f i c a n t l y  
reduces  t h e  in f luence  of i n t e r p h a s e  mass and hea t  t r a n s p o r t  g r a d i e n t s .  
p a l  advantages of t h i s  type  of r e a c t o r  ove r  o t h e r  common r e a c t o r  t ypes  have been 
well documented i n  t h e  l i t e r a t u r e  [ e . g . ,  see (3-11)J .  

F i n a l l y ,  i n  o rde r  t o  o b t a i n  t h e  t r a n s i e n t  d a t a ,  t h e  r e a c t o r  must be  coupled t o  
a r e spons ive  a n a l y t i c a l  t echn ique  which a l lows  cont inuous  measurement o f  t h e  t r ans -  
i e n t  product concen t r a t ions .  
wi th  the t r a n s i e n t  response  method. On- l ine  mass spec t romet ry  has  been employed by 
s e v e r a l  r e s e a r c h e r s  i n  s t u d i e s  o f  t h e  d e v o l a t i l i z a t i o n  of  coa l  under vacuum condi- 
t i o n s  (12-14). Rapid sampling w h i l e  o p e r a t i n g  a t  t h e  h igh  p r e s s u r e s  r e l e v a n t  t o  t h e  
p r e s e n t  s tudy  can  be  accomplished by a l lowing  t h e  product  gases  a f t e r  p re s su re  le t -  
down t o  expand through a son ic  o r i f i c e  a s  a supe r son ic ,  a d i a b a t i c  f r e e  j e t  i n t o  a 
d i f f e ren t i a l ly -pumped  vacuum system. 
" f reezes"  t h e  r e l a t i v e  composi t ions  of t h e  product gases  when the  samplcd gas  a t -  
t a i n s  molecular f low.  
formed. 

The r e s u l t s  o f  such  exper iments  can  be  expla ined  equa l ly  well by a few 

Also, "s teady-s ta te"  r a t e  measure- 

The primary o b j e c t i v e  o f  t h e  c u r r e n t  work is t o  overcome most of  t h e s e  problems 

Thus t h e  t r a n s i e n t  response  method i s  

The u s e  of an i n t e r n a l  r e c y c l e ,  "g rad ien t l e s s "  r e a c t o r  s e r v e s  a dua l  purpose: 

The p r inc i -  

Mass spec t romet ry  is one such  technique  compatible 

The r ap id  expansion i n t o  t h e  vacuum 

By skimming t h e  c o r e  of the j e t ,  a molecular beam can be 
ThC r e s u l t a n t  beam i s  f u r t h e r  modulated t o  d i s c r i m i n a t e  between t h e  in -  
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Stantaneous behavior  of t h e  beam s p e c i e s  and t h e  same s p e c i e s  i n  t h e  background 
of t h e  mass spectrometer  vacuum envelope (15,16) .  

The adap ta t ion  of t h e s e  techniques t o  t h e  c u r r e n t  purpose is s e t  for th-below.  
The char-carbon d i o x i d e  r e a c t i o n  system i s  used t o  i l l u s t r a t e  t h e  e f f i cacy  of t h e  
approach. 
i n  a s i m i l a r  manner. 

Other char-gas  r e a c t i o n  systems and r e l a t e d  s t u d i e s  a r e  being pursued 

2 .  EXPERIMENTAL 

2 . 1 .  System Desc r ip t ion  
A schematic of t h e  experimental  appa ra tus  developed f o r  t h e  c u r r e n t  t r a n s i e n t  

k i n e t i c  s t u d i e s  i s  p resen ied  i n  F igu re -1 .  

automatic  switching gas  a d d i t i o n  v a l v e  network f o r  gene ra t ing  c o n c e n t r a t i o n  pe r -  
t u r b a t i o n s  under cond i t ions  of cons t an t  f l owra te ,  t empera tu re ,  and p r e s s u r e ;  and 
( c )  a supersonic ,  modulated, molecular  beam mass spec t romete r  f o r  measuring t h e  
t r a n s i e n t  behavior of  t h e  concen t r a t ions  of  t h e  product  g a s e s .  

A t y p i c a l  experimental  run  might proceed i n  t h e  fo l lowing  manner. 
s t a t e  i s  f i r s t  e s t a b l i s h e d  wi th  i n e r t  gas  ( e . g . ,  argon) f lowing through t h e  reac-  
t o r  (maintained a t  t h e  d e s i r e d  temperature  and p r e s s u r e ) ,  and w i t h  r e a c t a n t  gas  
( e . g . ,  carbon dioxide)  f lowing through t h e  purge l i n e .  A t  t ime ze ro ,  t h e  i n e r t  
gas i s  ins t an taneous ly  r ep laced  by t h e  r e a c t a n t  gas  now f lowing through t h e  reac-  
t o r ,  and t h e  r e a c t i o n  i s  the reby  i n i t i a t e d .  
a s  t o  i n s u r e  t h e  same volumetr ic  f lowra te  through t h e  r e a c t o r ,  i n  s p i t e  of t h e  
change i n  gas  spec ie s .  Th i s  r e s u l t s  i n  a wel l -def ined s t e p  f u n c t i o n  i n c r e a s e  of 
t h e  r e a c t a n t  t o  t h e  r e a c t o r .  The t r a n s i e n t  response of t h e  r e a c t i o n  system to 
t h i s  p e r t u r b a t i o n  is then monitored with t h e  beam sampling system a t  t h e  r e a c t o r  
e x i t .  

The experimental  system has been designed t o  o p e r a t e  a t  c o n d i t i o n s  r e l e v a n t  t o  
commercial coa l  g a s i f i c a t i o n  cond i t ions  ( e . g . ,  up t o  500 p s i  a t  140D°F, and even 
higher  p re s su res  a t  lower t empera tu res ,  a s  determined p r i m a r i l y  by t h e  manufactur- 
e r ' s  s p e c i f i c a t i o n s  f o r  t h e  r e a c t o r ) .  Also,  t h e  r e a c t o r  space  t ime ( t h e  r a t i o  of 
t h e  r e a c t o r  gas phase volume t o  t h e  vo lumet r i c  f lowra te )  can be v a r i e d  over  t h e  
range 0.01 - 1 . 0  min. 

gene ra l  overview of  t h e  appa ra tus  and its mode of  o p e r a t i o n .  
cuss ion  of t h e  important  and i n t e r e s t i n g  d e t a i l s  of  t h e  development of  t h e  appa- 
r a t u s ,  and t h e  adap ta t ion  of  t r a n s i e n t  k i n e t i c  techniques t o  cha r  g a s i f i c a t i o n ,  

E s s e n t i a l l y ,  it c o n s i s t s  o f :  (a) a 
I cont inuous gas  flow, f i x e d  s o l i d s ,  "g rad ien t l e s s "  (Berty- type)  r e a c t o r ;  (b) an 

Steady- 

The swi t ch ing  i s  done i n  such a manner 

The preceeding,  n e c e s s a r i l y  b r i e f  d e s c r i p t i o n  i s  intended t o  convey on ly  a 
For a thorough d i s -  

7 s e e  r e f e r e n c e  (171. .~ 
2 . 2 .  System Performance 

Reactor mixing performance curves were obtained by imposing s t e p  changes i n  
t h e  r e a c t o r  feed from argon t o  carbon d i o x i d e  a t  c o n s t a n t  vo lumet r i c  f l o w r a t e ,  
p r e s s u r e ,  and temperature ,  and r eco rd ing  t h e  r e s u l t a n t  t r a n s i e n t  response.  Due t o  
cons ide rab le  adso rp t ion  of t e s t  gases  by t h e  cha r ,  nonporous 3 mm g l a s s  beads were 
used i n  the  basket  f o r  t h e s e  s t u d i e s .  The r e s u l t a n t  d a t a  were a l l  c l e a r l y  expo- 
n e n t i a l ,  i n  accordance with well-mixed r e a c t o r  behav io r ,  and t h e  corresponding t ime 
c o n s t a n t s  were c l o s e  t o  expected v a l u e s .  The t o t a l  gas mixing volume deduced from 
t h e s e  experiments was found t o  be 241.4 cm3, which i s  q u i t e  r easonab le  i n  view Of 

t h e  f a c t  t h a t  t he  t o t a l  i n t e r n a l  r e a c t o r  volume i s  275 cm3, of  which approximately 
30 cm3 is presumed t o  be dead volume loca ted  beneath t h e  i m p e l l e r .  

I n  o rde r  t o  a s s e s s  t h e  r e l a t i v e  i n f l u e n c e  of  i n t e r p h a s e  h e a t  and mass t r a n s f e r  
on i n t r i n s i c  chemical k i n e t i c  r a t e s ,  t h e  r e a c t o r  i n t e r n a l  r e c y c l e  r a t i o ,  R ,  and 
s u p e r f i c i a l  v e l o c i t y ,  vo, through t h e  cha r  bed were determined by measuring t h e  
p r e s s u r e  drop a c r o s s  t h e  cha r  bed i n  t h e  same manner a s  desc r ibed  by Berty (18);  
i . e . ,  R = A vo/q,  where A is t h e  c r o s s - s e c t i o n a l  a r e a  of  t h e  baske t  (20.27 cm2) 
and q i s  t h e  volumetr ic  f l o w r a t e  a t  r e a c t o r  cond i t ions .  For t y p i c a l  experimenta! 
cond i t ions  with space t ime T = 15 s,  f r e e  gas  volume Vg = 220 cm3 (Vg 7 241.4 cm3 
- N/pS ,  where W i s  t h e  weight of d r y  cha r  i n  t h e  baske t ,  p s  i s  t h e  s o l i d  d e n s i t y  
and 241.4 cm3 i s  t h e  t o t a l  f r e c  g a s  volume i n  the  r e a c t o r  from t h e  g l a s s  beads 
expe r imen t s ) ,  and impe l l e r  speed of 2800 RPM, t h e  s u p e r f i c i a l  gas  v e l o c i t y  d e t e r -  

? 



-3 -  

mined from our  c a l i b r a t i o n  i s  vo = 13.72 cm/s (0 .45  f t / s ) .  With a f lowra te  of  
q = 14.67 cm3/s t h e  r e c i r c u l a t i o n  r a t i o  i s  R = 19, which i s  s u f f i c i e n t  t o  guaran- 
t e e  good mixing and g r a d i e n t l e s s  o p e r a t i o n .  

The i n f l u e n c e  of i n t e r p h a s e  mass t r a n s f e r  l i m i t a t i o n  on measured k i n e t i c s  fo r  
a p a r t i c u l a r  s e t  of  experimental  c o n d i t i o n s  can be a s ses sed  from t h e  Damkohler num- 
b e r ,  Da = klCs (l-B)/k,a,/RT), which i s  t h e  r a t i o  of t h e  r e a c t i o n  r a t e ,  ( a s  repre-  
sented by t h e  t i n e t i c  rate c o n s t a n t  f o r  t h e  oxygen-exchange r e a c t i o n ;  s e e  below), and 
t h e  e f f e c t i v e  i n t e r p h a s e  mass t r a n s f e r  c o e f f i c i e n t  f o r  C 0 2  which can be estimated 
from t h e  j - f a c t o r  f o r  i n t e r p h a s e  mass t r a n s f e r ,  j ( e . g . ,  s e e  (19 ) ,p .395) .  For the 
experimental  c o n d i t i o n s  used i n  t h e  c u r r e n t  work,[) i t  was found t h a t  1 x 10-6<Da< 9 x 

p o r t .  The r e l a t i v e  importance of i n t r a p h a s e  d i f f u s i o n  i s  considered i n  t h e  Discussion. 
The i n t e r p h a s e  h e a t  t r a n s f e r  l i m i t a t i o n  can  a l s o  be eva lua ted  from t h e  Damkohler 

number by making u s e  of  t h e  Chil ton-Colburn analogy between mass and h e a t  t r a n s f e r  i n  
packed beds ( e . g . ,  s e e  (19 ) ,  p .  396) .  For t y p i c a l  r e a c t i o n  c o n d i t i o n s ,  assuming a 
h e a t  of r e a c t i o n  of  i 41 .23  kca l /g  mol f o r  t h e  o v e r a l l  C02 - c h a r  g a s i f i c a t i o n  reac-  
t i o n ,  t h e  est imated t empera tu re  d i f f e r e n c e  between t h e  s u r f a c e  of t h e  cha r ,  Ts,  and 
t h e  bulk f l u i d ,  Tb, i s  5 x < (Tb-Ts)/Tb < 4 x 
t i n g  temperature  l i k e  972 K ,  (Tb - TS) can be a s  l a r g e  a s  4OC. Actual  temperature 
d i f f e r e n c e s  between t h e  s o l i d  and g a s  i n  t h e  c h a r  bed a r e  expected t o  be l e s s  than 
t h i s  due t o  r a d i a t i o n .  The re fo re ,  i t  c a n  be conse rva t ive ly  s t a t e d  t h a t  t h e  i n t e r -  
phase h e a t  t r a n s f e r  l i m i t a t i o n  i s  no t  s i g n i f i c a n t  i n  t h e  c u r r e n t  s t u d i e s .  

Based upon t h e  p receed ing  performance d a t a  and numerical  e s t i a m t e s ,  t h e  par- 
t i c l e  s i z e  of t he  a c t i v a t e d  coconut  (Fischer)  c h a r  s e l e c t e d  f o r  t h e  experiments re- 
po r t ed  on h e r e  was > 14 mesh. With an average p a r t i c l e  d i ame te r  of about 1 .6  mm, 
t h e  r e s u l t a n t  s u p e r f i c i a l  v e l o c i t y  through t h e  cha r  bed a t  maximum impe l l e r  RPM 
should e f f e c t i v e l y  e l i m i n a t e  i n t e r p h a s e  h e a t  and mass t r a n s f e r  g r a d i e n t s ,  and pro- 
v i d e  a r e l a t i v e l y  high i n t e r n a l  r e c y c l e  r a t i o  f o r  space t imes i n  t h e  range of 12 t o  
20s,  t h a t  were found t o  be optimum f o r  t h e  c u r r e n t  experiments .  

3 .  KINETIC MODELING 

S i n c e  Da<<l, t h e  r e a c t i o n  i s  d e f i n i t e l y  n o t  l i m i t e d  by i n t e r p h a s e  mass t r ans -  

Thus, f o r  a high opera- 

The gene ra l  t r ea tmen t  o f  t r a n s i e n t  k i n e t i c  models i s  o u t l i n e d  by Bennett (20) 
I n  e s sence ,  t h e  t r a n s i e n t  mass balances f o r  t h e  spec ie s  

I n t e g r a t i o n  of t h i s  system of equa- 

and C u t l i p  e t  a l .  (21) .  
i n  t he  r e a c t i o n  system y i e l d  a set of d i f f e r e n t i a l  equat ions which d e f i n e s  the  
model f o r  t h e  p a r t i c u l a r  mechanism assumed. 
t i o n s  r e s u l t s  i n  t h e  t r a n s i e n t  cu rves  of t h e  va r ious  s p e c i e s ,  which can then be 
used f o r  parameter s e n s i t i v i t y  s t u d i e s ,  and a l s o  f o r  parameter e s t i m a t i o n  by com- 
p a r i s o n  with corresponding experimental  d a t a .  

In o rde r  t o  i l l u s t r a t e  t h i s  approach,  cons ide r  t h e  s imple two-step mechanism: 

R1) 

c [ O l  A co + C f  R2) 

kl co2 + Cf _tL co + C[O] 
k 

which i s  imbedded i n  a l l  known CO? g a s i f i c a t i o n  k i n e t i c  mechanisms, and was found 
t o  adequately r e p r e s e n t  t h e  d a t a  i n  the  c u r r e n t  work. 

I f  Cso, CO, x ,  E, and P i  r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  a c t i v e  s i t e  concentra-  
t i o n i n  g mol/g mol C ,  t h e  i n i t i a l  t o t a l  g mol of  carbon,  t h e  f r a c t i o n a l  conversion, 
t h e  f r a c t i o n a l  s u r f a c e  coverage o f  t h e  complex, and t h e  p a r t i a l  p r e s s u r e  of  spe-  
c i e s  i i n  t h e  gas phase,  t h e  fo l lowing  r a t e  expres s ions  r e s u l t  f o r  t h e  preceeding 
mechanism: 

rl = C s o C o ~ l - x ~ [ k ~ ~ l - e ~ P C O  I 1) 

r2 = CsoCo(l-x) [k281 2) 
2 

Assuming a g r a d i e n t l e s s  r e a c t c  ) r ,  a mass balance on each s p e c i e s  y i e l d s :  

pCoq-6) - pco2 rlRT 
co2: d%O2 f - -  

7 
g 

-df= v 
3) 
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dx - 2 C:  
cO 

d t  

'Ar = 'COZf - 'C02 - 'CO 
I n e r t  gas (Ar):  

r - R T T  

7) 

where 6 = L (due t o  t h e  i n c r e a s e  i n  gas  volume upon r e a c t i o n )  V P  
C02f 

Pt = t o t a l  system p res su re ,  atm 

"'2f r e a c t o r  i f  f eed  i s  pu re  C02),  atm 

T 

V = r e a c t o r  gas  phase volume, cm 

q = volumetr ic  f l o w r a t e  a t  r e a c t o r  cond i t ions ,  cm3/min 

T = r e a c t i o n  temperature ,  K 

R = un ive r sa l  gas  c o n s t a n t ,  atm.cm /K.g mol 

= p a r t i a l  p r e s s u r e  of C 0 2  i n  t h e  f eed  ( a l s o  t o t a l  p r e s s u r e  of 

Vg/q;  r e a c t o r  space t ime  evaluated a t  r e a c t o r  c o n d i t i o n s ,  min = 
3 

g 

3 

1 -1 The u n i t s  f o r  t he  r a t e  parameters  a r e  kl = [min-'atm- ] and k2 = [min 1 .  
The i n i t i a l  cond i t ions  fo r  a pu re  CO2 f eed  a t  t ime t = 0 a r e :  

Pco2 = Pco = e = x = 0 

'Ar = 't 8) 
1 

Equations 1 through 8 c o n s t i t u t e  t h e  model f o r  t h e  r e a c t i o n  system with dependent 
v a r i a b l e s  Pco , Cco. PAr, 9,  and x ,  and parameters  C so, k l ,  and k 2 .  

s i t e  concen t r a t ion ,  Cso ,  has a pronounced e f f e c t  on t h e  p roduc t ion  of  CO,  b u t  t h e  
shape of  t h e  t r a n s i e n t  cu rve  remains r e l a t i v e l y  unchanged. 
p o s i t i o n  i n  time of t h e  "overshoot" o f  t h e  CO responses  f o r  both mechanisms a r e  
q u i t e  s e n s i t i v e  t o  t h e  k i n e t i c  r a t e  parameters  k l  and k2. 
k 2  a r e  q u a l i t a t i v e l y  i l l u s t r a t e d  i n  F igu re  2 .  
due t o  l a r g e  va lues  of  kl .  wh i l e  t h e  " l eve l ing -o f f "  i s  a s s o c i a t e d  with l a r g e  k 2  
va lues .  

44  and 28) a r e  c o r r e c t e d  t o  y i e l d  t h e  n e t  CO product ion cu rve  due t o  r e a c t i o n  
(from t h e  fragmentat ion c o e f f i c i e n t  measured f o r  C02),  and 
p a r t i a l  p r e s s u r e  d a t a  (from t h e  r e l a t i v e  s e n s i t i v i t y  measured f o r  CO and C02) , , t h e  
nex t  s t e p  i s  t o  determine a b e s t  parameter  s e t  f o r  t h e  proposed mechanism. 
is done by minimizing t h e  l e a s t  squa res  o b j e c t i v e  f u n c t i o n ,  

2 
From simulated CO t r a n s i e n t  response r e s u l t s ,  i t  was found t h a t  t h e  a c t i v e  

However, t h e  shape and 

The e f f e c t s  of k l  and 
I t  i s  noted t h a t  t h e  "overshoot" i s  

Once the raw d a t a  ( i . e . ,  t r a n s i e n t  cu rves  o f  t h e  modulated s i g n a l s  f o r  m/e = 

t hen  converted t o  CO 

Th l s  

2 9. rl 

k = l  i = l  
Q = E [ ( Y i k  - Yik)/Yikj 9 )  

(where t h e  s u b s c r i p t  i k  r c p r e s c n t s  t h e  i t h  v a r i a b l e  a t  t ime k ,  wi th:  
i = i ,  . . . , n ;  t h e  number o f  v a r i a b l e s  used i n  t h e  

op t imiza t ion  p rocess ,  
k = i, . . . ,  ; t h e  t ime i n t e r v a l s  
yik = experimental  p o i n t  ( p a r t i a l  p r e s s u r e  d a t a ) ,  

Yik = pred ic t ed  v a l u e  from t h e  model, 

9 
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us ing  a Marquardt-type t echn ique  (22 ) ,  coupled with a Green 's  f u n c t i o n  method (23) 
t o  determine t h e  necessa ry  f i r s t  o r d e r  s e n s i t i v i t y  c o e f f i c i e n t  ma t r ix ,  S = ay/ag. 
I n  e s sence ,  t h e  parameter  e s t i m a t i o n  procedure c o n s i s t s  of s o l v i n g  t h e  % % % 

equat ions r e s u l t i n g  from minimizing t h e  o b j e c t i v e  f u n c t i o n ,  Equation 9 ,  based on 
l o c a l  l i n e a r i z a t i o n  of t h e  model about t h e  i n i t i a l  guess  parameter  s e t ,  B . This  
s o l u t i o n  y i e l d s  t h e  v e c t o r  of  parameter  changes,  Ab.,  which i n  t u r n  give5Othe next 
b e s t  e s t i m a t e  of t h e  parameter s e t  t o  minimize 0. 
the  o b j e c t i v e  f u n c t i o n  meets an accep tab le  p r e s e t  t o l e r a n c e .  
only one v a r i a b l e ,  P , was used i n  t h e  o p t i m i z a t i o n  of  t h e  o b j e c t i v e  func t ion  f o r  
parameter estimationCProm t h e  experimental  t r a n s i e n t  d a t a .  
t h i s  v a r i a b l e  i s  t h e  most s e n s i t i v e  t o  t h e  p a r t i c u l a r  model used,  while  Pco2 and 
PA, a r e  l e s s  so. 

4 .  RESULTS 

t i c l e  s i z e s  of a c t i v a t e d  coconut  (Fischer)  cha r  a r e  presented i n  F igu res  3 and 4. 
I n  t h e s e  f i g u r e s ,  t h e  c h a r a c t e r i s t i c  "overshoot" of  t h e  oxygen-exchange r e a c t i o n ,  
R 1 ,  a s  we l l  a s  t h e  " l eve l ing -o f f "  of  t h e  t r a n s i e n t  cu rves  due t o  t h e  carbon gas i -  
f i c a t i o n  r e a c t i o n ,  R 2 ,  a r e  c l e a r l y  ev iden t .  As p r e d i c t e d  by t r a n s i e n t  response 
s imula t ions ,  sma l l e r  space  t imes r e s u l t  i n  a sha rpe r  "overshoot" and a lower 
q u a s i - s t e a d y - s t a t e  l e v e l  of  CO a t  longer  t imes .  Higher temperatures  f a v o r  g r e a t e r  
CO product ion but  t h e  "overshoot" becomes p r o g r e s s i v e l y  l e s s  sha rp .  

The i n h i b i t i o n  e f f e c t  o f  p r e s s u r e  on g a s i f i c a t i o n  i s  n o t  c l e a r l y  ev iden t  i n  
these  f i g u r e s ,  bu t  becomes more so upon a n a l y s i s  of  t h e  q u a s i - s t e a d y - s t a t e  gas i -  
f i c a t i o n  r a t e  a t t a i n e d  a f t e r  " l eve l ing -o f f "  o f  t h e  t r a n s i e n t  cu rves .  
From t h e  s to i ch iomet ry  of t h e  o v e r a l l  r e a c t i o n :  

+ h i s  procedure i s  repeated u n t i l  
I n  t h e  c u r r e n t  work 

Th i s  was done because 

The CO t r a n s i e n t  r e sponses  f o r  t h e  experimental  runs conducted with two par-  

A c + co2 -c- 2 co R3) 
For cont inuous pu re  C 0 2  g a s  f eed ,  t h e  " s t e a d y - s t a t e "  g a s i f i c a t i o n  r a t e  i s  given by 

-1 dc - 1 d[COl = pcoss pcossq 
wss = - - d t  - 2 r  d t  2Co(l-X)RT 2CoRT 

- 

f o r  n e g l i g i b l y  small  carbon conve r s ion  ( i . e . ,  x 2 0 ) .  
Equation 10 can be r ea r r anged  t o  

t w  'ss t q J I 

The (Pco2/Pco)ss i n  t h i s  e x p r e s s i o n  can be eva lua ted  from t h e  q u a s i - s t e a d y - s t a t e  
va lues  A p l o t  of  t h e  r ight-hand 
s ide o f  Equation 11 ve r sus  PCO 
The observed l i n e a r  dependence2ss 
u r e  suggests  a " s t eady- s t a t e "  r a t e  expres s ion  of  t h e  form: 

obtained a t  t h e  end of  t h e  t r a n s i e n t  pe r iod .  
a t  c o n s t a n t  temperature  i s  p resen ted  i n  Figure 5. 

of t h e  g a s i f i c a t i o n  r a t e  on C02  p a r t i a l  p re s s -  

o r  
J l P C 0 2  

wss = 1 + ( j l / j 2 ) P c o 2  
13) 

Equation 13 is t h e  same s t e a d y - s t a t e  r a t e  form observed by Ergun (24 ) ,  w i th  
j ,  = klC 
t h e  g a s i & c a t i o n  r a t e .  

(251, seven parameters ;  t h e  Shaw model ( 2 6 ) .  f i v e  parameters ;  t h e  Mentser and 
Ergun mechanism ( 2 7 ) ,  f i v e  pa rame te r s ;  t h e  Ergun mechanism (24) ,  fou r  parameters ;  
and t h e  two-step mechanism found a p p r o p r i a t e  i n  the  c u r r e n t  work ( t h r e e  parameters) .  
Due t o  t h e  low l e v e l s  of  CO p r e s e n t  i n  t h e  r e a c t o r  under  t h e  c u r r e n t  experimental  

and j 2  = k2Cso, and c l e a r l y  shows t h e  i n h i b i t i n g  e f f e c t  of p r e s s u r e  on 

Seve ra l  models were f i t  t o  t h e  t r a n s i e n t  d a t a :  t h e  Blackwood and Ingeme model 
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c o n d i t i o n s ,  on ly  t h e  l a t t e r  model f i t s  t h e  d a t a  a c c u r a t e l y  s i n c e  t h e  o t h e r s  a l l  
have CO r e a c t i o n  pa ths  which a r e  super f luous  f o r  our  d a t a .  

Arrhenius  temperature dependence. 
of temperature y ie lded  t h e  fo l lowing  expres s ions :  

The r e s u l t a n t  parameter va lues  f o r  t he  two-step mechanism exh ib i t ed  d i s t i n c t  
Numerical f i t s  o f  a l l  t h e  d a t a  a s  a func t ion  

-55,500 exp I KT 1 min-latm-1 11 kl = 6.13  x 10 

9 -44 ,800  - 1  and k 2  = 9.98 x 10  exp 

Also,  f o r  t h e  f i r s t  time i n  t h e  same experiment,  t h e  concen t r a t ion  of a c t i v e  c a r -  
bon s i tes  expressed a s  g mol/g mol C ,  was determined fo r  t h e  coconut char  t o  be :  

cso = 1 . 7 0  x lo-'  exp - 16) I 27,:00 I 
This  i n d i c a t e s  t h a t  t h e  a c t i v e  s i t e  concen t r a t ion  has  a nega t ive  " a c t i v a t i o n  
energy". I n  o t h e r  words, a t  h igher  tempera tures ,  i n i t i a l l y  a c t i v e  s i t e s  become 
deac t iva t ed ;  v i z . ,  

'f 'i . R 4 )  
a c t i v e  i n a c t i v e  

This  d e a c t i v a t i o n  phenomenon agrees  wi th  some o f  t h e  f i n d i n g s  of Duval (28) and 
Blackwood e t  a l .  ( 2 9 ) ,  which a r e  d i scussed  f u r t h e r  below. 

I t  i s  of i n t e r e s t  t o  compare t h e  va lues  of the a c t i v a t i o n  ene rg ie s  ob ta ined  i n  
t h e  p r e s e n t  s tudy  f o r  t h e  two s t e p s ,  R 1  and R2, with  cor responding  va lues  r epor t ed  
i n  t h e  l i t e r a t u r e .  
I t  i s  ev iden t  t h a t  t h e  apparent  a c t i v a t i o n  energy f o r  t h e  two common k i n e t i c  
s t e p s  v a r i e s  cons ide rab ly  from one s tudy  t o  another ;  wi th  E i  ranging  from -27 t o  
+76 kca l /g  mol and E 2 '  from -17 t o  + 9 3  kca l /g  mol. This  v a r i a t i o n  can be  a t  l e a s t  
p a r t i a l l y  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  exper imenta l  d a t a  a n a l y s i s  techniques ,  a s  
w e l l  as t h e  p a r t i c u l a r  r e a c t i o n  mechanism assumed. I t  should a l s o  be noted t h a t  i n  
a l l  t h e s e  s t u d i e s ,  t h e  r a t e  parameters  a r e  r epor t ed  as t h e  product  of t h e  a c t i v e  
s i t e  concen t r a t ion  , Cso,  and t h e  i n t r i n s i c  r a t e  c o n s t a n t ,  k.  Hence, t h e  appa ren t  
a c t i v a t i o n  ene rg ie s  a l s o  r e f l e c t  any v a r i a t i o n  of Cso w i th  tempera ture .  
words, t h e  d i f f e r e n c e  i n  t h e  types  o f  cha r  and exper imenta l  c o n d i t i o n s  can  account  
f o r  t h e  wide range o f  a c t i v a t i o n  ene rg ie s  ev ident  i n  Tab le  I .  
Johnson ( 3 0 ) ,  Cso is expected t o  dec rease  wi th  i n c r e a s i n g  coa l  r ank .  
gene ra l  t r end  i s  s u b s t a n t i a t e d  i n  t h e  case  of k2Cs0 by t h e  l a r g e  a c t i v a t i o n  ener -  
g i e s  observed f o r  t h e  high p u r i t y  carbon (e .g. ,  Ceylon g r a p h i t e ,  Spheron 6 carbon, 
a c t i v a t e d  carbon, and g r a p h i t e )  used by Ergun (24) and Mentser and Ergun ( 2 7 ) ,  
v i s -a -v i s  t h e  much smaller tempera ture  c o e f f i c i e n t s  found f o r  coconut c h a r  by 
Gadsby e t  a l .  (31) ,  Long and Sykes ( 3 2 ) ,  and also i n  t h e  c u r r e n t  work. 

y t i c  impur i t i e s  i n  t h e  c h a r .  
t h e  work of Long and Sykes ( 3 2 )  with  coconut cha r  where E2 
kca l /g  mol upon removal of minera l  i m p u r i t i e s  with hydroch lo r i c  and hydro f luo r i c  
a c i d s .  

ene rg ie s  obta ined  i n  t h e i r  work wi th  d i f f e r e n t  forms o f  h igh  p u r i t y  carbon were 
due t o  a cons t an t  number of a c t i v e  s i t e s ,  , independent of tempera ture ,  and 
thus  r e f l e c t e d  t h e  t r u e  a c t i v a t i o n  energie:s80r t h e  r e a c t i o n  s t e p s .  This  hypothe- 
sis i s  not a t  a l l  unreasonable  s i n c e  Cso should no t  dec rease  i n d e f i n i t e l y  wi th  
c o a l  rank, bu t  r a t h e r  t h e  a c t i v e  s i t e  concen t r a t ion  should  a t t a i n  some cons t an t  
asymptot ic  va lue  f o r  t h e  h igh  p u r i t y  carbons .  
by Mentser and Ergun a r e  t h e  " t rue"  tempera ture  c o e f f i c i e n t s  f o r  R1 and R2 (wi th  
E l  = 53.0 kca l /g  mol and E2 = 58.0 kca l /g  mol),  then  t h e i r  r e s u l t s  a g r e e  reasonably  
we l l  with t h e  i n t r i n s i c  a c t i v a t i o n  ene rg ie s  found i n  t h e  c u r r e n t  work (E1 = 55.5 
kca l /g  mol and E 2  = 4 4 . 8  kca l /g  mol).  

Tab le  I summarizes t h e  r e s u l t s  o f  p rev ious  i n v e s t i g a t o r s .  

I n  o t h e r  

As i nd ica t ed  by 
In  f a c t ,  t h i s  

D i f f e rences  i n  a c t i v a t i o n  ene rg ie s  can  a l s o  b e  a t t r i b u t e d  t o  presumably c a t a l -  
This  e f f e c t  i s  e s p e c i a l l y  p r y o u n c e d  ( f o r  kZCso) i n  

changed from 3 8  t o  66 

On t h e  o t h e r  hand, Mentser and Ergun ( 2 7 )  argued t h a t  t h e  cons t an t  a c t i v a t i o n  

I f  t h e  a c t i v a t i o n  ene rg ie s  r epor t ed  
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Other  d i f f e r e n c e s  i n  E l '  and E 2 '  a r e  probably numerical  i n  o r i g i n .  For  in-  

s t ance ,  Golovina (33) f i t t e d  s e v e r a l  s i m p l i f i e d  forms of  t h e  - g a s i f i c a t i o n  
r a t e  expres s ion  t o  d a t a  ( i . e . ,  due t o  p o s s i b l e  changes i n  mechanism a t  var ious 
c o n d i t i o n s ) ,  and r epor t ed  d i f f e r e n t  E '  va lues  f o r  t h r e e  d i f f e r e n t  regimes o f  
p re s su re  and t empera tu re .  However, t h e  nega t ive  a c t i v a t i o n  e n e r g i e s  obtained a r e  
i n d i c a t i v e  of improper a n a l y s i s  of k i n e t i c  d a t a .  
same r a t e  form can g i v e  r i s e  t o  d i f f e r e n t  apparent  a c t i v a t i o n  ene rg ie s  i n  d i f f e r -  
ent temperature  regimes b u t  o v e r  t h e  same p r e s s u r e  range ( s e e  Table  I , a s  
r epor t ed  by Golovina,  a l s o  a rgues  a g a i n s t  t h e  i n h e r e n t  v a l i d i t y  of  t he  proposed 
r a t e  expres s ion  and t h e  r e a c t i o n  r a t e  - c o n t r o l l i n g  zone claimed by t h e  i n v e s t i -  
g a t o r .  

now addres sed .  F i r s t ,  t h e r e  was no d i s c e r n i b l e  d i f f e r e n c e  i n  t h e  g a s i f i c a t i o n  
r a t e  behavior  of  t h e  1 . 6  mm and 2.68 mm coconut cha r  p a r t i c l e s .  Also,  t h e  r e s u l t -  
a n t  model parameters  f o r  t h e  two-s t ep  mechanism e x h i b i t  e s s e n t i a l l y  t h e  same temp- 
e r a t u r e  dependence f o r  bo th  p a r t i c l e  s i z e s .  
polymodal pore size d i s t r i b u t i o n  wi th  most of t h e  i n t e r n a l  s u r f a c e  a r e a  a v a i l a b l e  
i n  pores of molecular dimensions (super  micropores) (34 ) .  Thus,  even though the  
i n s e n s i t i v i t y  t o  p a r t i c l e  s i z e  i n d i c a t e s  no bulk d i f f u s i o n a l  l i m i t a t i o n  ( i . e . ,  i n  
t h e  macropores),  i f  d i f f u s i o n  i n  t h e  micropores  were t h e  l i m i t i n g  r e s i s t a n c e  t o  
cha r  g a s i f i c a t i o n ,  p a r t i c l e  s i z e  would not  n e c e s s a r i l y  have any e f f e c t ;  i . e . ,  
t h e  c h a r a c t e r i s t i c  s i z e  of  t h e  microporous m a t e r i a l  i n  both p a r t i c l e  s i z e s  i s  
s i m i l a r .  In  a d d i t i o n ,  micropore d i f f u s i o n  i s  known to  be a c t i v a t e d  (35 ) .  Thus i f  
i t s  r a t e  is comparable t o  t h e  k i n e t i c  r a t e ,  o r  r a t e - c o n t r o l l i n g ,  i t s  a c t i v a t i o n  
energy would be included i n  t h e  o v e r a l l  apparent  a c t i v a t i o n  energy.  

WYODAK 35 x 60 c h a r  a t  800°C is g iven  by Debelak and Mal i to  (36) a s  D / r 2  = 1.68 
min-l f o r  f r e s h  c h a r  ( i . e . ,  x = 0 ) .  The coconut cha r  g a s i f i c a t i o n  r a t e  a t  800°C 
and 1 atm i n  pu re  CO 32: !3 given by Equation 1 3  wi th  t h e  r a t e  parameters  reported 
h e r e ,  i s  1 . 1 6  x 10- min . Thus, i f  t h e  microporous s t r u c t u r e  o f  t h e  WYODAK and 
coconut c h a r s  a r e  a t  a l l  s i m i l a r ,  t h e  observed g a s i f i c a t i o n  r a t e  is t o o  small  by 
t h r e e  orders-of-magnitude t o  be micropore d i f f u s i o n - c o n t r o l l e d .  
h i g h e s t  p o s s i b l e  c o n s t a n t  asymptot ic  g a s i f i c a t i o n  r a t e  ( i . e . ,  a t  high p res su re )  of 
4 . 0 2  x 10-3min-1 a t  800°C, t h e  r e a c t i o n  i s  s t i l l  d e f i n i t e l y  r e a c t i o n  r a t e - c o n t r o l l -  
ed . 
t h e  parameters  k l  and k 2  found i n  t h e  p r e s e n t  s tudy a r e  i n t r i n s i c  and i n  agree-  
ment with t h e  gene ra l  t r end  r e p o r t e d  i n  t h e  l i t e r a t u r e .  

The nega t ive  " a c t i v a t i o n  energy" e x h i b i t e d  by t h e  a c t i v e  s i t e  concen t r a t ion  
i s  c o n s i s t e n t  with the  r e s u l t s  of  Duval (28) ,  who p resen ted  s t r o n g  evidence t h a t  
a c t i v e  si tes on a g r a p h i t i c  l a t t i c e  d i sappea r  spontaneously wi th  r e a c t i o n  temper- 
a t u r e  by a p rocess  termed thermal "healing" o r  "anneal ing".  Thus,  i n  e f f e c t ,  
a c t i v e  si tes a r e  sub jec t ed  t o  two modes of  d e p l e t i o n :  r e a c t i o n  w i t h  a gas  phase 
molecule and thermal n e u t r a l i z a t i o n .  Boulangier  (37) a l s o  noted t h e  same e f f e c t  
i n  carbon - C02 and carbon-steam systems.  A s i m i l a r  t r end  was r e p o r t e d  by Black- 
wood e t  a l .  (29) and Johnson (30) i n  s t u d i e s  o f  t h e  e f f e c t s  of coa l - cha r  prepara-  
t i o n  temperatures .  Blackwood et  a l .  (29) c o r r e l a t e d  t h e i r  r e s u l t s  f o r  hydrogen 
g a s i f i c a t i o n  r a t e  c o n s t a n t s  i n  terms of  k = k* exp (E /RT ) exp(-E /RT ) ,  where 
Tg and T a r e  t h e  g a s i f i c a t i o n  and cha r  p r e p a r a t i o n  t empera tu res ,  gespec t ive ly .  
For brown c o a l  c h a r s  g a s i f i e d  i n  hydrogen a t  25 atm with Tp = Tg, t h e s e  workers 
found E 
Tp = T;in t h e s e  cha r  r e a c t i v i t y  s t u d i e s  and c o n d i t i o n s  i n  t h e  c u r r e n t  work where- 
by t h e  coconut c h a r  was he ld  a t  t h e  r e a c t i o n  temperature  i n  an argon atmosphere fo r  
r e l a t i v e l y  long pe r iods  of t ime p r i o r  t o  imposing t h e  c o n c e n t r a t i o n  s t e p  change 
t o  r e a c t a n t  CO Thus,  t h e  temperature  dependence of C s o  found by Blackwood e t  a l .  
(29) agrees  wefi  with t h a t  found by Duval (28)  and i n  t h e  p r e s e n t  s tudy.  Black- 
wood e t  a l .  (29) proposed t h a t  t he  dec reas ing  r e a c t i v i t y  with i n c r e a s i n g  temper- 
a t u r e  i s  due t o  rearrangement of t h e  carbon s t r u c t u r e  i n t o  a more s t a b l e  r i n g  

I n  a d d i t i o n ,  t h e  f a c t  t h a t  t h e  

The e f f e c t  of i n t r a p h a s e  mass t r a n s p o r t  r e s i s t a n c e  on t h e  r a t e  c o n s t a n t s  i s  

However, cha r s  g e n e r a l l y  e x h i b i t  a 

The d i f f u s i o n  parameter  ( d i f f u s i o n  t ime cons t an t )  of C 0 2  i n  t h e  micropores of 

Even a t  t h e  

Based on t h e s e  obse rva t ions ,  it is concluded t h a t  t h e  a c t i v a t i o n  ene rg ie s  f o r  

P P  6 .  
P 

= 20 kca l /g  mol. I t  i s  noted t h a t  t h e r e  i s  a d i r e c t  a alogy between 

12  
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l a t t i c e ,  thereby reducing  t h e  a v a i l a b i l i t y  of f ree  TI e l e c t r o n s  f o r  t h e  format ion  
of complexes a t  edges,  and s t a b i l i z i n g  p rev ious ly  u n s t a b i l i z e d  bonds. 

6 .  CONCLUDING REMARKS 

The e f f i cacy  o f  apply ing  t h e  exper imenta l  appa ra tus  and t r a n s i e n t  response  
techniques  t o  heterogeneous char -gas  r e a c t i o n s  has  been s u c c e s s f u l l y  demonstrated 
f o r  co2 g a s i f i c a t i o n .  T h i s  approach promises t o  be a va luab le  too l  f o r  de te rmin-  
ing mechanisms and r a t e  parameters  f o r  d i r e c t  u s e  i n  modeling, des ign ,  and ana ly -  
s is  of new or  e x i s t i n g  g a s i f i c a t i o n  and r e l a t e d  systems. 
being taken i n  s tudying  g a s i f i c a t i o n  r e a c t i o n s  wi th  o t h e r  gases  and mix tu res .  

A s i m i l a r  approach i s  
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REACTION OF HIGH VELOCITY ATOMIC OXYGEN WITH GRAPHITE 

G .  S. Arnold, R. K. Herm, and D. R. Peplinski 

Chemistry and Physics Laboratory, 
The Aerospace Corporation 

El Segundo CA, 90245 

Atmospheric bombardment of a spacecraft in low Earth orbit (LEO) presents a 
regime of gas-surface chemistry which has been the subject of very little laboratory 
investigation. The predominant atmospheric species in LEO (200-800 km) is ground 
state, neu ral atomic oxygen fl). Although the ambient temperature is not extremely 
high (- 10 K), the 8 km sec- orbital velocity of the spacecraft causes oxygen atoms 
to strike the satellite's sJrfaces with an average collision energy of 5 x lo2 kJ 
mole-' (- 5 eV). At the altitude at which the space shuttle operates (- 240 km) the 
flux of atomic oxygen striki., surfaces normal to the craft's velocity vector is of 
the order of 8 x The phenomenology of oxygen atom-surface 
interactions at such a collision energy is completely unstudied in the laboratory. 
The lack of experimentation in this area owes not to any assumption that such 
chemistry is fundamentally minteresting, but rather reflects the difficulties 
inherent in reproducing in the laboratory the 8 km sec-' impact velocity. 

J 

5 

1014 cm-' sec-'.(l) 

The details of oxygen >torn surface interactions at orbital velocity are of 
particular interest for the prediction of the integrated effects of long-term 
exposure of materials to the LEO atmosphere. The unique opportunity which the 
shuttle orbiter provides to recover a variety of materials from LEO has highlighted 
the need for such an understanding. Organic polymers, including polyimides, 
polyesters, and polyurethanes, have been observed to erode at significant rates 
(2). A silver surface 2100A thick was completely oxidized (3). Osmium and graphite 
surfaces exposed to the atmosphere were completely removed (3,4). 

\ The reaction of atomic oxygen with graphite: 

: AHo = - 360 W mole-' 

is well known and so initially one does not find the removal of graphite surfaces by 
atmospheric oxygen to be particularly surprising (5). The rate at which graphite was 
removed was, however, quite unexpected. On the third shuttle flight (STS-3). a 
graphite surface estimated to be in. thick was completely removed. The total 

' time of direct exposure of the surface to the atmosphere was approximately 9 hours. 
\ If reaction 1 were responsible for the removal of the graphite, then it must have 

been occurring with a probability in excess of 0.8 per oxygen atom collision. 

Reference 5 reports that the variation with surface temperature of the 
probability of reaction 1, E ~ ,  for the case of oxygen atoms impacting at thermal 

-1160/T 
' velocities is given by: 

1 (2) cl = 0.63 e 

The temperature of the graphite exposed on STS-3 is expected not to exceed 420K, a 
temperature at which the Arrhenius expression given above predicts a value of E of 
0.04. Even though the estimate of reaction probability on orbit is based on data 
which are somewhat less precise than might be desirable, the difference between 
prediction and observation is substantial. 

Such a discrepancy in predicted and observed reaction probabilities indicates 
the possibility that the high translational energy of oxygen atoms striking graphite 
surfaces on orbit results in the enhancement of the probability that an oxygen atom 
removes a carbon atom on impact (as compared to the thermal oxidation of graphite by 
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0 atoms). It is instructive to note that if one includes the translational energy of 
the atomic oxygen i n  one's accounting, channels for the removal of carbon atoms in 
addition to zeaction 1 are at least thermodynamically allowed. Two of these 
reactions are: 

and 

* 
2Cc + o + co + c AH = - 125 kJ mole-' 

f4 g g  

3cc + o* + C0 + C AH = - 8.9 kJ mole-'. 
g g 2g 

(3) 

(4) 

Thus the oxidation of graphite was selected as the initial subject for 
investigation in a new facility constructed specifically for the study of high energy 
oxygen atom surface chemistry. In addition to providing further insight into a gas- 
surface interaction of great fundamental and practical interest, such experimentation 
serves as the prototype for the investigation of the oxidation of spacecraft 
materials by high energy atomic oxygen. 

Figure 1 shows a schematic representation of the beam apparatus designed for the 
investigation of high energy oxygen atom surface chemistry. The vacuum system is 
comprised of four chambers. The first three are stainless steel boxes, 18 in. cubed, 
sealed with Buna-N "0-Rings". The first is pumped by an unbaffled 16 in. oil 
diffusion pump (Varian VHS-400). Each of the second and third chambers is pumped by 
a 10 in. oil diffusion pump (Consolidated Vacuum COK~.), topped with a liquid 
nitrogen cooled trap (Mt. Vernon Kesearch Corp.), and an electro-pneumatically 
operated, viton-sealed gate valve (Vacuum Kesearch Manufacturing Corp.). The fourth 
chamber uses crushed metal seals and is pumped by a high-speed turbomolecular pump 
(Balzers TPU 510). 

The oxygen atom beam source (described below) is housed in chamber 1. The 
source is recessed into chamber 1 in order to minimize the distance from source to 
target thereby delivering the maximum available beam flux to the target. A Bean ,,' 
Dynamics Inc. model 2 nickel skimmer, 0.90 mm orifice diameter, connects chambers 1 
and 2. Chambers 2 and 3 act as buffers to aid in the reduction of pressure between 
the source and the target. A beam chopper and beam flag which aid in the 
characterization of the beam are mounted in chamber 2. The second chamber also 
provides space for installation of a low resolution slotted disk velocity filter, , 
which may be used when it is desirable to prevent light from the beam source from 
falling upon the target. 

I 

The solid target is contained in the fourth chamber, which is recessed into the 
third chamber to minimize source to target distance. A quadrupole mass spectrometer 
(Extranuclenar Laboratories) is provided for characterization of the atomic beam and 
also for identification of the volatile products of bombardment of the target. 

The production of a beam of neutral atomic oxygen of sufficient velocity and 
intensity for this program requires advances in the state-of-the-art of beam source 
technology. Indeed, one major reason for the scarcity of experimental data on atomic 
oxygen-surface interactions at high energies (- 5 eV) is the difficulty in building a 
reliable, fast, high-intensity 0 atom beam source. Figure 2 shows the source 
constructed here to achieve such a beam. The source is a modified, commercially 
available plasma torch. The modifications include attachments for a water-cooled 
nozzle, through which the atomic beam expands into the vacuum system, and exhaust 
channels to dispose of excess torch gas. The torch operates i n  the non-transferred 
mode, i.e., the electric arc is confined within the torch. A plasma is formed in 

* O* indicates translational excitation of 480 ld mole-'. 
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hel ium by a dc a rc .  A smal l  amount of O2 (- 2% of t h e  t o t a l  gas  f low) is i n j e c t e d  
downstream of t h e  a r c  i n t o  t h e  gas  f low,  where i t  i s  thermal ly  d i s s o c i a t e d  i n t o  

I oxygen atoms by t h e  hot  helium. The high tempera ture  and t h e  i s e n t r o p i c  expans ion  
provide f o r  the oxygen atom v e l o c i t y ,  which r e s u l t s  i n  a s u p e r s o n i c  beam. A similar 
source  has  been r e p o r t e d  by Air Force Geophysics L a b o r a t o r i e s  (6). 

The a r c  source  has  been t e s t e d  with pure H e ,  He/02 m i x t u r e s ,  He/Ar/02 m i x t u r e s ,  
and A r / O q  mixtures  a s  a f u n c t i o n  of t o r c h  power. T e s t s  wi th  O2 i n d i c a t e  t h a t  
o x i d a t i o n  of e l e c t r o d e s  does not  take place even a t  high t o r c h  c u r r e n t  l e v e l s .  H e ,  
A r ,  02, and 0 atom beams have been d e t e c t e d  us ing  t h e  mass spec t rometer .  Conversion 

, of molecular  oxygen i n t o  atoms is determined from r e l a t i v e  mass peak s i g n a l s  
(measured by t h e  quadrupole  mass s p e c t r o m e t e r ) ,  Io/Io2, by t h e  formula of Miller and 
Pa tch  ( 7 ) .  

(6) 

where NO/NO is the  i n f e r r e d  n6mber d e n s i t y  r a t i o  of 0 to  02, P is t h e  p r o b a b i l i t y  of  
d i s s o c i a t i v a  i o n i z a t i o n ,  o / (J i s  t h e  r a t i o  of e l e c t r o n  impact i o n i z a t i o n  c r o s s  
s e c t i o n s ,  Io/Io i s  t h e  rat?% opmass spec t rometer  s i g n a l s  of 0 and O2 wi th  t h e  t o r c h  
on, and n is th2 I / I  r a t i o  with the  torch  o f f .  The per  c e n t  d i s s o c i a t i o n  is given  
by: O 02 

%D = 100 y / ( y  + 2). 
A s  one can see from f i g u r e  3, t h e  per cent  d i s s o c i a t i o n  of O2 i n t o  0 ranges  

from - 30 t o  48% f o r  a 2.55% O2 i n  Ar mixture. t o  - 15 t o  - 19% f o r  var ious  O2 i n  
H e / A r  mixtures .  These per  c e n t  d i s s o c i a t i o n  t r a n s l a t e  i n t o  source  tempera tures  of 
3000-3200°K f o r  O2 in A r ,  and 2700-2850°K f o r  O2 i n  H e / A r  mixtures .  Although not 
shown, tes ts  made us ing  pure He a l s o  show a lower d i s s o c i a t i o n .  The g r e a t e r  e f f i c a c y  
of argon i n  d i s s o c i a t i n g  O2 probably owes t o  i n c r e a s  d energy d e p o s i t i o n  i n  A r ,  which 
flows more slowly through the  t o r c h  (0.63 STP L see-' A r ,  2.1 STP t sec-I  H e ) .  

R e s u l t s  will be r e p o r t e d  of measurements of t h e  rate of v o l a t i l i z a t i o n  of . g r a p h i t e  by high v e l o c i t y  a tomic oxygen i n  order  t o  de te rmine  i f  t h e  apparent  
enhancement of t h i s  rate on o r b i t  is r e a l .  Mass s p e c t r a l  measurement of t h e  products  

, of high v e l o c i t y  0 atom bombardment of carbon w i l l  be d e s c r i b e d  a s  w e l l .  

1 
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1. INTRODUCTIOA 

The  r e a c t i o n  o f  c a r b o n  m e t h a n a t i o n  on  g r a p h i t e  s u r f a c e s  c o n t a i n i n g  

plat inum p a r t i c l e s  was s t u d i e d  c s i n g  e l e c t r o n  microscopy,  g a s  chromatography 

and thermogravimetry. I n  t h e  e l e c t r o n  m i c r o s c o p e ,  t h e  weak beam t h i c k n e s s  

f r i n g e s  ( ' )  and t o p o g r a p h i c  r e f r a c t i o n  images(2)  were used. I n  a d d i t i o n  the 

STEM m i c r o d i f f r a c t i o n  t e c h n i q u e  t o  o b t a i n  c r y s t a l l o g r a p h i c  informat ion  from 

i n d i v i d u a l  p a r t i c l e s  (') w a s  employed. 

2. ACTIVITY RESULTS 

F i g u r e  1 shows t h e  r e s u l t s  for t h e  a c t i v i t y  f o r  methane  p r o d u c t i o n  a s  

f c n c t i o n  o f  t h e  t e m p e r a t u r e .  Below 7 O O 0 C  t h e  methane c o n c e n t r a t i o n  i s  

u n d e t e c t a b l e .  I t  s t a r t s  t o  i n c r e a s e  a t  t h i s  t e m p e r a t D r e  and a maximwn is  

o b t a i n e d  a t  8OO0C. A t  85OoC t h e  r e a c t i o n  a p p r o a c h e s  t h e  t h e r m o d y n a m i c  

e q u i l i b r i u m  and t h e  c o n c e n t r a t i o n  i s  reduced. However a t  900°C i t  i n c r e a s e s  

aga in .  The TEM showed t h a t  a t  t h i s  t e m p e r a t u r e  c h a n n e l i n g  on t h e  g r a p h i t e  

s u r f a c e  starts t o  be produced.(3) Below t h i s  temperature  t h e  p a r t i c l e s  produced 

only  p i t s  i n  t h e  s u r f a c e . .  F i g u r e  2 shows a topographic  image of  t h e  channels .  

I r r e g G l a r  l a r g e  p a r t i c l e s  a r e  e x t r e m e l y  a c t i v e  i n  t h i s  r e a c t i o n  s i n c e  t h e y  

p r o d u c e  l a r g e  channels  and t h e r e f o r e  remove more carbon from t h e  s u r f a c e .  The 

weak beam image p i c t u r e  shows t h a t  the p a r t i c l e s  a r e  very  rol;gh i n  shape. They 
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are f la t  p l a t e l e t s  w i th  a t h i ckness  o f  about  100 9 .  A t y p i c a l  example i s  shown 

i n  F igure  3. It  was found  t h a t  w e l l  f a c e t e d  p a r t i c l e s  d i d  n o t  produce any  

channeling and t h e r e f o r e  they  were i n a c t i v e  f o r  t h e  r e a c t i o n .  P a r t i c l e s  i n  t h e  

s i z e  r a n g e  below 100 1 p r o d u c e d  r e g u l a r  c h a n n e l s  m o v i n g  a l o n g  

d i r e c t i o n s  o f  t h e  g r a p h i t e  i n  most c a s e s ,  i n  agreement wi th  t h e  f i n d i n g s  o f  

Baker e t . a l ( 3 )  and Tomi ta  and  T a ~ n a i ' ~ ) .  However l a r g e  i r r e g u l a r  p a r t i c l e s  

produced i r r e g l ; l a r  c h a n n e l s  n o t  o r i e n t e d  a l o n g  s p e c i f i c  d i r e c t i o n s .  The 

c h a n n e l i n g  a lways  s t a r t e d  a l o n g  edges o r  s t e p s  on t h e  g r a p h i t e  su r face .  The 

a c t i v a t i o n  energy and  r e a c t i o n  r a t e  was d e t e r m i n e d  by chromatography i n  t h e  

700-800°C range and by thermogravimetry i n  800-900° i n t e r v a l .  The r e a s o n  f o r  

t h i s  was t h a t  a t  h i g h  t e m p e r a t u r e s ,  t h e  me thane  was decomposed i n  t h e  

pos t - reac t ion  zone, p r o d u c i n g  a n  e r r o r  i n  t h e  c h r o m a t o g r a p h i c  measurements. 

The va lues  found were 43.5+4 KCal/mol and 0.0415 gr (CH4)  / h r  g r ( P T )  f o r  t h e  

a c t i v a t i o n  energy and r e a c t i o n  v e l o c i t y  r e s p e c t i v e l y  i n  t h e  700-8OO0C i n t e r v a l  

and 44.0+4 KCal/mol and 0.026 gr(CH ) / h r  g r ( P T )  for t h e  800-9OO0C i n t e r v a l .  

These r e s h l t s  shgges t  t h a t  the r e a c t i o n  mechanism i s  t h e  same f o r  t h e  whole  

r a n g e  o f  t e m p e r a t u r e s .  Mic rod i f f r ac t ion  exper iments  i n d i c a t e d  t h a t  p a r t i c l e s  

had an FCC s t r u c t u r e  cor responding  t o  a cubo-octahedron. However i n  many c a s e s  

a complex p a t t e r n  was obta ined  no t  cor responding  t o  an FCC s t r u c t u r e .  Th i s  was 

< I  1 5 0 >  
1 

I 

4 
\ 

I 

\ 

I probably a ca rb ide  o r  a n  o x i d e .  I t  was n o t  p o s s i b l e  t o  i d e n t i f y  t h i s  phase 

univoca ly  and more exper iments  a r e  be ing  c a r r i e d  out .  The r e a c t i o n  a p p e a r s  t o  

be  produced  on t h e  i n t e r f a c e  P t -g raph i t e  and i s  always r e l a t e d  t o  p i t t i n g  o r  

channeling. The r a t e  de te rmining  s t e p  seems t o  be t h e  b reak  o f  t h e  C-C bond on 

t h e  g r a p h i t e  s u r f a c e .  The  m a i n  r a t e  o f  t h e  c a t a l y s t  i s  t o  r e d u c e  t h e  

a c t i v a t i o n  e n e r g y  f o r  t h e  b r e a k i n g  of  t h e  C - C  bond.  The a b i l i t y  o f  t h e  

p a r t i c l e s  t o  remove carbon seems t o  be r e l a t e d  t o  i t s  s u r f a c e  roughness. 

\ 
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Figure 1 .  Concent ra t ion  of methane a s  a f l inct ion of  t h e  tempera tc re .  
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Figure 3. Weak beam image of a l a r g e  p c t i c l e  showing rough su r faces .  
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DIRECT INVESTIGATION OF REACTING COALS BY 
DIFFUSE REFLECTANCE INFRARED SPECTROMETRY 

Peter R.  Griffiths, Shih-Hsien Wang, Issam M. Hamadeh, 
Paul W. Yang and David E. Henry 

Department of Chemistry, University of California, 
Riverside, California 92521 

Introduction 

A few years ago we showed that it was possible to measure the diffuse reflect- 
ance (DR) infrared spectrum of solids at high signal-to-noise ratio (SNR) with no 
Sample preparation required other than pulverization (1). The key factors in our 
design were the use of a Fourier transform infrared (FT-IR) spectrometer incorpor- 
ating a mercury cadmiumtelluride (MCT) detector, and the design of a highly ef- 
ficient optical configuration for collecting diffusely reflected radiation and pass- 
ing it to the detector. At that time, we suggested that the study of coal might be 
among the more important applications of DR spectrometry, although we initially be- 
lieved that in order for good spectra to be obtained it was necessary to grind the 
samples with about ten times their weight of an alkali halide diluent (2). 
sequently, we demonstrated that equally good spectra could be obtained when no 
diluent was added, and several applications of DR infrared spectrometry to coal 
chemistry were described in a recent publication from this laboratory ( 3 ) .  Today 
it is possible to obtain commercial accessories for DR spectrometry for most com- 
monly used FT-IR spectrometers from at least four different sources. 

Sub- 

In view of the structural information potentially obtainable from the infrared 
spectra of neat powdered coals, we have studied the feasibility of monitoring the 
chemical changes which occur while reactions are taking place. This work neces- 
sitated two instrumental developments before truly useful data could be obtained. 
These were the construction of a cell and optical configuration suitable for the 
study of gas-solid reactions at high temperature and the further refinement of the 
assignment of infrared spectra of coals, especially after resolution enhancement. 

The first DR infrared spectra measured during a reaction were described by 
Niwa et. &. (4,s). 
had a very low SNR. Subsequently (61, we described a small cell for controlling 
the atmosphere around a heated powder which could be installed in the optics re- 
ported in our first paper on DR spectrometry (1). Although the spectra measured 
with this cell had a far higher SNR than those of Niwa et. al., the cell still had 
several disadvantages, in that it had to be very small, itstemperature could not 
be raised above about 2OO0C, and temperatures had to be estimated rather than 
measured directly. 
in addition, a substantial fraction of the radiation reaching the detector had 
never interacted with the sample, leading to a high level (-20%) of stray light. 

Their spectra were measured on a grating spectrometer and 

The optical efficiency was reduced by the window geometry and, 

Subsequently, a superior cell was introduced by Harrick Scientific Corporation 
(Ossining, N.Y.) with improved upper temperature limits, optical efficiency and 
stray light spectifications. However, this cell still had one significant draw- 
back for the study of reacting coals, in that it had only one inlet/outlet gas line, 
so that if tars were formed they would condense on the windows, completely obscuring 
the infrared beam from the detector. 

To circumvent this problem and to permit improved operating specifications, a 
completely redesigned cell was constructed. Separate inlet and outlet gas lines 
were installed; the use of a wide-bore outlet tube permitted a vacuum of loL4 torr 
to be obtained. The base of the sample cup is frittedso that inert or reactive 
gases can be drawn through the sample, preventing tar deposits on the window. The 
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input beam and diffusely reflected output beam are passed through a single 50cm 
diameter KC1 window. The sample is heated by a nichrome wire coiled around the 
cup. The temperature of the sample can be measured by a thermocouple inserted into 
the powdered coal, and temperatures up to 600°C (1100OF) have been reached, which 
should allow the study of most important reactions of coals. To avoid overheating, 
the body of the cell is water-cooled. 

To accomodate this cell, we designed a fundamentally different optical con- 
figuration for DR infrared spectrometry, which permits a large cell to be installed 
with little or no loss in optical efficiency. If a non-absorbing sample (such as 
powdered KC1) is placed in the cell, the SNR of the interferogram measured with an 
FT-IR spectrometer operating at full throughput (0.06 cm2 steradian) with a medium- 
range MCT detector (Xmax=15pm) can be so large in the region of the centerburst 
that the dynamic range of the analog-to-digital converter may be exceeded unless a 
screen is placed in the beam. This cell and optics are described in details in the 
Ph.D. dissertation of Hamadeh (7), and are shown schematically in Figure 1. 

Resolution Enhancement 

Absorption bands in the infrared spectra of coals may be rather broad, so that 
detailed chemical information may be masked by the overlap of neighboring bands. Con- 
version of the spectrum to the second, or even the fourth, derivative has permitted 
the separation of small shoulders in the spectra of coals (3,6,8) but the inter- 
pretation of second- and fourth-derivative spectra is made difficult by the pos- 
sibility that secondary lobes from intense sharp peaks may be mistaken for a real 
spectral feature in complex spectra. A n  alternative, and we believe preferable, 
technique for resolution enhancement where the effect of secondary lobes should be 
minimized is Fourier self-deconvolution (FSD). Here the absorption spectrum is con- 
verted to its Fourier transform, multiplied by an exponential function, and trun- 
cated if necessary to remove the high frequency noise components. The inverse trans- 
form then yields a spectrum in which the width of all spectral features has been re- 
duced ( 9  ) .  Care must be taken, however, to avoid the use of an exponent in the 
multiplier which is too large since side-lobes will be generated which are analogous 
to those of second-derivative spectra. 

To illustrate the potential of Fourier self-deconvolution in coal spectrometry, 
the progressive resolution enhancement of the spectrum of an oxidized low volatility 
bituminous coal in the region of the carbonyl stretching bands is shown in Figure 2 .  
In the upper spectrum it can be seen that side-lobes have been generated and the 
noise level of the spectrum is increased to the point that it is difficult to dis- 
tinguish a real feature from a noise spike. We have recently developed a technique 
to determine the optimum level of resolution enhancement consistent with an accept- 
able noise level and side-lobes (lo), and we believe that the degree of resolution 
enhancement of all spectra shown or used in subsequent sections of this paper is 
quite conservative, and could probably have been improved upon if there optimization 
procedures had been applied rigorously. 

Spectral Assignments 

This increased resolution leads to some benefits and some problems. The benefits 
are obvious when the newly resolved bands can be unequivocally assigned to definite 
vibrational modes. For example, the spectra of most coals contain two bands between 
3000 and 2800 cm-'; these may be assigned to the symmetric and asymmetric stretching 
modes of aliphatic C-H groups. Each band often shows evidence of being composed of 
two unresolved or partially resolved components which can be completely resolved by 
FSD; these components can be assigned to vibrations of methylene and methyl groups. 
By studying the ratio of the intensities of these bands, the relative rates of re- 
action of CH2 and CH3 groups can be monitored, for example during air oxidation (* 
infra). - 
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The disadvantage of the enhanced information content is encountered when the 
newly resolved spectra cannot be interpreted with certainty. 
nine bands may be resolved in the carbonyl stretching region alone. 

pecially the bands between 1735 and 1675 cm-1, are much less easy to assign with any 
degree of certainty. 

In Figure 2, as many as 

\ %. the two anhydride bands at 1845 and 1775 cm-1, are easily assigned. Others, es- 
Some Of these, 

We are hoping to increase the certainty of these band assignments by correlating 
the infrared spectra with both solution-phase 1H and solid-phase 1% NMR spectra. 
Thecorrelatingof solution-phase 1H spectra of that fraction of each coal soluble in 
pyridine-dg with the diffuse reflectance spectrum of the solute remaining after com- 
plete evaporation of the solvent is certainly useful, but one can never be sure that 
the structure of the coal remains unchanged after solvent elimination. 
CP-MAS 1% NMR spectra measured on a 60 MHz spectrometer was too low to permit useful 
conclusions to be made, and we are hoping that spectra to be measured on a 90 MHz 
Spectrometer with a wide magnet gap prove more helpful. 

' 

The SNR of 

, Low Temperature Oxidation 

The Potential of DR spectrometry for monitoring coal reactions will be illustrat- 
ed by the low temperature (15OOC) air oxidation of a low volatile bituminous coal. 
This reaction is very slow - much slower than the types of reactions which we ulti- 
mately hope to study (which can have half-lives of only a few seconds) - but the data 
still give a good indication of the type of results which can be obtained. Decon- 

I volved spectra measured at different times after oxidation was initiated are shown in 
Figure 3 .  The increase in absorption around 1700 and 1250 cm-l is evident, showing 
that oxygen reacts to form both double and single carbon-oxygen bands, with C=O for- 
mation being the more rapid reaction. The existence of anhydride groups is not ob- 
vious in the early spectra, but the 1845 a - 1  band builds up rapidly after a few 
days, indicating that oxidation to carboxylic acids is an initial step, followed by 
condensation of neighboring -C02H groups when their concentration is sufficiently 
high. 

The increase in aromaticity can be infexred from a plot of the ratio of the in- 

i, 

~ 

\ 
/ hydroaromatic methylene groups: 

tensity of the aromatic C-H stretching band at 3070 cm-' to that of the symmetric 
methyl stretching band (2872 cm-1) against time of oxidation, see Figure 4. The 
mechanism of this reaction can be inferred from a plot of the ratio of the intensit- 
ies of the asymmetr'icmethylene and methyl stretching mode against time of oxidation, 
see Figure 5. 
sible mechanism by which aromaticity is increased is by oxidative dehydrogenation of 

The faster rate of disappearance of CHI groups indicates that one pos- 
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In Reaction A, an aromatic ring with two neighboring C-H groups would be formed 
whereas in Reaction B the newly formed aromatic ring would have four neighboring C-H 
groups. 
studying the spectral region between 950 and 650 cm-l. 
mately equal intensity may be observed in this region, at approximately 880, 815 and 
760 cm-1. 
may be assigned as follows, after Bellamy (11): 

It is possible to determine which reaction has the higher probability by 
Three strong bands of approxi- 

These bands are due to the aromatic out-of-plane C-H deformations, and 

880 cm-l band: Isolated C-H groups, i.e. 1,2,3,4,5-pentasubstituted ring; 1,2,3,5 
and 1,2,4,5-tetrasubstituted ring; 1,2,4, trisubstituted ring (in conjunction 
with 815 cm-1 band). 

815 cm-l band: Two neighboring C-H groups, e. 1,2,3,4-tetrasubstituted ring; 1,2,4- 
trisubstituted ring (in conjunction with 880 cm-1 band) ; para-dissubstituted 
ring. 

760 cm-' band: Four neighboring C-H groups, i. e. ortho-substituted ring. 

An increase in the intensity of the 815 cm-l band relative to that of the 760 
cm-1 band on dehydrogenation would indicate that Reaction A is favored over Reaction 
9, and vice versa. In Figure 6, it is shown that the rate of increase of the 760 cm-1 
band i s z a t e r h a n  that of the 815 cm-1 band, indicating that Reaction B is favored. 
It is noteworthy that this type of conclusion also gives an indication of the struc- 
ture of low volatility bituminous coals, since the dimethylene structural unit in the 
reactant for Reaction A has been generally believed to be more prevalent in coals of 
this rank than the tetramethylene hydroaromatic unit in the reactant for Reaction B. 

Conclusions 

We believe that these data indicate the feasibility of monitoring structural 
changes occurring during reactions such as oxidation, pyrolysis and hydrogenation, 
with or without catalysts present, in situ by diffuse reflectance infrared spectro- 
metry. Our current cell allows reactions to be studied at temperatures as high as 
600OC. Reaction products may be continuously swept out of the cell, permitting char- 
acterization by a wide range of other instrumental techniques. Reactions occurring 
at high pressure are less easy to monitor at this time, but it should not be too dif- 
ficult to redesign the cell so that pressures to 1000 psig are permissible. 
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Figure 1: 
The level o f  the collimated beam from the interferometer is raised by the two 
plane mirrors (A)  and focused onto the sample by the off-axis paraboloidal mir- 
ror (B). The diffusely reflected beam is collected and collimated by the para- 
boloidal mirror (C) and refocused by the other segment of the same paraboloidal 
blank (D) onto a downward-looking MCT detector at E. The components of the cell 
are as follows: (1) Heater leads, (2) Line to vacuum pumps, ( 3 )  Screw for sam- 
ple removal, ( 4 )  Gas inlet line, ( 5 )  (6) Water inlet and outlet lines, (7) Mano- 
meter connection, ( 8 )  Sample. 

Schematic of cell designed for the study of gas-solid reactions. 
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Figure 2: 
a low volatility bituniinous coal. 
Spectra used in this paper were computed with the parameter used for spectrum D. 

Effect of progressive resolution enhancement of the DR spectrum Of 
The original spectrum is the lowest trace ( A ) .  
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Figure 3: Resolution-enhanced spectra of a low volatility coal subjected to 
150'C air oxidation for ( A ) .  0 ;  ( B ) ,  2; ( C ) .  4 ;  (D), 6 ;  (E); 8 ;  (F). 10; ( G I ,  
12 days. 
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Figures 4, 5 and 6: Plots of ratio of 
band intensities in the DR spectra of a , 

low volatility coal (PSOC 620, Bedford 
Co. ,  PA) against time of oxidation at 15OoC.,, 
Figure 4:  Aromatic C-H stretch (3070 

cm-1) vs symmetric methyl 
stretciT(2872 cm-1) ; 

(2920 cm-1) E asymmetric methyl 
stretch (2962 cm-1) ; 
760 cm-1 aromatic C-H out-Of- 
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band. 

Figure 5 :  Asymmetric methylene stretch 
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THE IDENTIFICATION AND CHEMISTRY OF SPECIES RESULTING FROM 
THE R A P I D  PYROLYSIS OF SMALL COAL PARTICLES I N  VACUUM 

AND I N  THE PRESENCE OF REACTIVE GASES 

R . H .  Hauge, L .  F r e d i n ,  J .  Chu and J . L .  Margrave 

Department o f  Chemistry,  Rice U n i v e r s i t y ,  Houston,  Texas 7 7 2 5 1  

INTRODUCTION 

The v a r i o u s  e x p e r i m e n t s  i n  t h i s  s t u d y  are  d e s i g n e d  t o  produce  
d a t a  from r e a c t o r s  which emphasize t h e  e a r l y  s t a g e s  o f  c o a l  g a s i f i c a -  
t i o n  and  i t s  r e a c t i o n s  w i t h  a u x i l i a r y  g a s e s  by b r i n g i n g  t h e  c o a l  
q u i c k l y  up t o  r e a c t i o n  t e m p e r a t u r e  under  c o n d i t i o n s  where h i g h l y  
r e a c t i v e  g a s  phase i n t e r m e d i a t e s  c a n  e x i t  r a p i d l y  from t h e  r e a c t i o n  
zone.  They a r e  t h e n  d e p o s i t e d  on a 1 5 K  r e f l e c t i v e  s u r f a c e  w i t h  a 
l a r g e  e x c e s s  o f  i n e r t  g a s  where f u r t h e r  r e a c t i o n  i s  r a p i d l y  quenched.  
The p r o d u c t s  when i s o l a t e d  i n  a n o n - i n t e r a c t i v e  s o l i d  such  as n i t r o g e n ,  
a r g o n ,  o r  even d r y  a i r  e x h i b i t  w e l l - d e f i n e d  s p e c t r a  which a l l o w  t h e  
p r e c i s e  measurement of i s o t o p i c  s h i f t s  and peak p o s i t i o n s .  F r e e  
r a d i c a l s  and o t h e r  r e a c t i v e  s p e c i e s  c a n  be d e t e c t e d  by c h a r a c t e r i s t i c  
i n f r a r e d  s p e c t r a .  The p r e s e n c e  of i n t e r m e d i a t e s  i s  a l s o  moni tored  
w i t h  a f a s t  t i m e  r e s p o n s e  q u a d r u p o l e  mass s p e c t r o m e t e r .  The combina- 
t i o n  o f  mass s p e c t r o m e t r y  and m a t r i x  i s o l a t i o n  i n f r a r e d  s p e c t r o s c o p y  
s e r v e s  as a n  e f f e c t i v e  probe  f o r  t h e  e x i s t e n c e  o f  t r a n s i e n t  gaseous  
r e a c t i o n  i n t e r m e d i a t e s .  

The t y p e s  of  d a t a  o b t a i n e d  from t h e  s t u d i e s  i n c l u d e :  

(1) S t r u c t u r a l  d a t a  f o r  new s p e c i e s  and s u g g e s t e d  r e a c t i o n  path-  

( 2 )  I n f o r m a t i o n  on t h e  dependence o f  v a r i o u s  g a s  p r o d u c t s  formed 

ways from i s o t o p i c a l l y - s u b s t i t u t e d  r e a c t a n t s .  

on ra tes  o f  h e a t i n g ,  r e a c t a n t  g a s e s ,  and c o a l  p a r t i c l e  s i z e .  

The q u e s t i o n  as t o  whether  t h e  r e a c t i o n s  o f  p a r t i c u l a r  pr imary  
b u i l d i n g  b l o c k s  o f  c o a l  l e a d  t o  s p e c i f i c  p r o d u c t s  i s  s t u d i e d  by adding  
t h e  m o l e c u l a r  s p e c i e s ,  i . e . ,  v a r i o u s  p o l y c y c l i c  a r o m a t i c s  (PCA's) t o  
t h e  c o a l  o r  as a r e a c t a n t  g a s  and n o t i n g  t h e  e f f e c t  on product  d i s t r i -  
b u t i o n .  

EXPERIMENTAL 

A new m a t r i x  i s o l a t i o n  sys tem h a s  been d e s i g n e d  t o  a l l o w  b o t h  
mass s p e c t r o m e t r i c  and m a t r i x  i s o l a t i o n  i n f r a r e d  s t u d i e s  of h i g h l y  
r e a c t i v e  t r a n s i e n t  s p e c i e s .  Close  c o u p l i n g  w i t h  d i f f e r e n t i a l l y  pumped 
s y s t e m s  p e r m i t s  t h e  d e t e c t i o n  o f  s p e c i e s  e v o l v i n g  from samples  exposed 
t o  p r e s s u r e  p u l s e s  o f  v a r i o u s  g a s e s  up t o  one a tmosphere .  The system 
i s  i n t e g r a t e d  i n t o  a h i g h  r e s o l u t i o n  F o u r i e r  t r a n s f o r m  s p e c t r o m e t e r  
which c o v e r s  t h e  s p e c t r a l  r a n g e  from t h e  far  i . r .  t o  t h e  n e a r  i . r .  
( 1 0 0  microns t o  1 m i c r o n ) .  
s u r f a c e s .  T h i s  l a r g e  number o f  s u r f a c e s  i s  v e r y  v a l u a b l e  i n  a t t e m p t s  
t o  d e t e c t  small changes  which o c c u r  due t o  changed r e a c t o r  c o n d i t i o n s .  
The i n c r e a s e d  accuracy  o f  i n f r a r e d  d i f f e r e n c e  s p e c t r o s c o p y  c a n  be 
used t o  g r e a t  advantage  w i t h  a l a r g e  number of  samples  which r e s u l t  
from small changes i n  r e a c t o r  c o n d i t i o n s .  The combina t ion  of  mass 
s p e c t r o m e t r i c  and m a t r i x  i s o l a t i o n  s p e c t r a  g r e a t l y  i n c r e a s e  t h e  
l i k e l i h o o d  of p o s i t i v e  s p e c i e s  i d e n t i f i c a t i o n .  Three  q u a r t z  c r y s t a l  

The d e s i g n  h a s  s e v e n t y  a v a i l a b l e  d e p o s i t i o n  
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i n f r a r e d .  R e s u l t s  f rom t h i s  s t u d y  are p r e s e n t e d  i n  F i g u r e  5 .  

A t  1 4 6 C ,  c o a l  d e v o l a t i l i z a t i o n  c a n  be  c h a r a c t e r i z e d  by e v o l u t i o n  
of CO2,  C H 4 ,  H20, and C O .  A t  a n  i n c r e a s e d  t e m p e r a t u r e  o f  326C, l i g h t  
hydrocarbon g a s e s  s u c h  as C2H4 and C 2 H 6  are  o b s e r v e d  a l o n g  w i t h  C H 4 ,  
C02, CO and H20. Most of t h e s e  l i g h t  hydrocarbons  are d e v o l a t i l i z e d  
between 326 and 605c. A s i m i l a r  b e h a v i o r  h a s  been noted  by Solomon 
and co-workers .  / 1 , 2 /  
which h a s  not  y e t  been i d e n t i f i e d .  

A t  l038C, a new peak  at  1525 cm-l a p p e a r s  

An i n t e r e s t i n g  o b s e r v a t i o n  i s  t h a t  C02 seems t o  r e a c h  maximum 
y i e l d  a t  low t e m p e r a t u r e s  and  remains  r e l a t i v e l y  c o n s t a n t  a t  h i g h e r  
t e m p e r a t u r e s .  However, CO a p p e a r s  t o  i n c r e a s e  w i t h  h i g h e r  tempera tures  
and  does not  r e a c h  a maximum at  t h e  h i g h e s t  t e m p e r a t u r e  s t u d i e d .  

Rapid P y r o l y s i s  of I l l i n o i s  #6 

I 

S t u d i e s  o f  r a p i d  p y r o l y s i s  o f  c o a l  g r a n u l e s ,  u s i n g  t h e  pulsed  
f l o w  r e a c t o r  and t h e  c o a l  g r a n u l e  i n l e t  v a l v e  d e s c r i b e d  i n  F i g u r e  3 
i n d i c a t e  r e s u l t s  similar t o  t h o s e  f o r  s low p y r o l y s i s .  However, r a p i d  
p y r o l y s i s  o f  I l l i n o i s  #6 powder g i v e s  a much more complex I R  spectrum 
w i t h  t w o  new p e a k s  a p p e a r i n g  a t  1180 and 1328 cm-l. 

i n t e n s i t i e s  a r e  a lways t h e  same, i n d i c a t i n g  t h a t  t h e y  are  due t o  a 
s i n g l e  s p e c i e s .  

powders i s  i l l u s t r a t e d  i n  F i g u r e  6 .  

These two peaks 
are  predominant  and a lways  o c c u r  s i m u l t a n e o u s l y .  T h e i r  r e l a t i v e  I 

A comparison o f  r a p i d  p y r o l y s i s  of I l l i n o i s  #6 g r a n u l e s  v e r s u s  

Two o t h e r  c o a l s  b e s i d e  I l l i n o i s  #6 were s t u d i e d ,  Western Kentucky 
and Upper F r e e p o r t  as shown i n  F i g u r e  7 .  Western Kentucky i s  a high 
m o i s t u r e  and h i g h  oxygen c o n t e n t  c o a l  w h i l e  Upper F r e e p o r t  i s  a low 
m o i s t u r e  and low oxygen c o n t e n t  c o a l .  Both t y p e s  o f  c o a l  g i v e s  
r e s u l t s  s imilar  t o  I l l i n o i s  # 6  when t h e i r  powders a r e  r a p i d l y  pyro- 
l y z e d .  
methane a b s o r p t i o n  f o r  b o t h  c o a l s  s t u d i e d .  T h i s  i n d i c a t e s  t h a t  t h e  

d u r i n g  r a p i d  p y r o l y s i s .  

Rapid P y r o l y s i s  o f  Oxid ized  I l l i n o i s  #6 

I l l i n o i s  #6 powder was o x i d i z e d  by h e a t i n g  i n  a n  oven a t  1 g O C .  
Samples t a k e n  a f t e r  one h o u r  and a f t e r  1 8  h o u r s  of h e a t i n g  were 
r a p i d l y  p y r o l y z e d  t h r o u g h  t h e  p u l s e d  f l o w  r e a c t o r .  F i g u r e  8 shows 
t h e  predominant  gaseous  p r o d u c t s  t o  be C02, CO and H20, a s  expec ted  
for o x i d i z e d  c o a l .  S l i g h t  t r a c e s  of  C H 4  and t h e  s p e c i e s  r e s p o n s i b l e  
f o r  1180 and 1328 cm-1 a r e  a l so  o b s e r v e d .  T h i s  i n d i c a t e s  t h a t  t h e  
p r e s e n c e  of the u n i d e n t i f i e d  i n t e r m e d i a t e  s p e c i e s  i s  n o t  dependent  
upon t h e  e x t e n t  o f  o x i d a t i o n  o f  t h e  c o a l  samples .  It i s ,  however, 
reduced  i n  y i e l d  which i n d i c a t e s  t h e  s p e c i e s  i s  n o t  due t o  o x i d a t i o n  
of  t h e  c o a l  sample.  

Rapid P y r o l y s i s  o f  I l l i n o i s  #6 with  D2016 and D2018 

g r a n u l e s  was s t u d i e d  by t h e  a d d i t i o n  of D2016 and D2018. Gaseous 
d e u t e r a t e d  water was pre-mixed w i t h  a r g o n  and p u l s e d  t h r o u g h  t h e  
r e a c t o r  immedia te ly  a f t e r  c o a l  g r a n u l e s  were dropped i n t o  t h e  h o t  
r e a c t o r  zone .  R e s u l t s ,  shown i n  F i g u r e  9,  s u g g e s t  t h a t  oxygen from 

Absorpt ions  a t  1180 and  1328 cm-1 a r e  predominant  o v e r  t h e  

s p e c i e s  r e s p o n s i b l e  f o r  1180 and 1328 cm-1 i s  common t o  a l l  c o a l s  1' 
1, 

, 

The e f f e c t  o f  gaseous  water on r a p i d  p y r o l y s i s  of I l l i n o i s  #6 
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mass moni tors  a r e  mounted on t h e  c o l d  t r a p p i n g  b l o c k .  They s e r v e  as 
very  s e n s i t i v e  q u a n t i t a t i v e  m o n i t o r s  o f  t h e  beam d e n s i t y  s t r i k i n g  t h e  
t r a p p i n g  s u r f a c e .  A d e t a i l e d  schemat ic  o f  t h e  MI-MS a p p a r a t u s  i s  
shown i n  F i g u r e s  1 and 2.  

f o r  Coal  g r a n u l e s  and c o a l  powders. The r e a c t o r  c o n t a i n s  t h r e e  
s e c t i o n s .  The f i r s t  s e c t i o n ,  A ,  c o n t a i n s  t h e  c o a l  g r a n u l e  i n l e t  
v a l v e .  The second s e c t i o n ,  B ,  c o n t a i n s  t h e  hot  r e a c t o r  zone,  
r e s i s t i v e l y  h e a t e d  t h r o u g h  a nichrome wire wrapped around t h e  o u t s i d e  
of  t h e  q u a r t z  t u b e .  It i s  s e p a r a t e d  from t h e  c o l d  (15K) copper  m a t r i x  
i s o l a t i o n  s u r f a c e  by a small amount og q u a r t z  wool i n s e r t e d  i n  t h e  
t u b e .  Coal g r a n u l e s  are i n t r o d u c e d  i n t o  t h e  hot  r e a c t o r  zone by 
s imply dropping  them i n  t h r o u g h  v a l v e  A .  
P u l s e d  open which c a u s e s  a n  i n e r t  g a s ,  a r g o n ,  t o  c a r r y  t h e  g a s e o u s  
p r o d u c t s  th rough t h e  q u a r t z  wool and o n t o  t h e  1 5 K  copper  s u r f a c e  o f  
t h e  m a t r i x  i s o l a t i o n  a p p a r a t u s .  Approximately 1 5  g r a i n s  o f  c o a l  were 
used f o r  e a c h  t r a p p i n g .  

i n t o  t h e  hot  r e a c t o r  zone.  It c o n t a i n s  a f l u t t e d  g l a s s  column, 
s e p a r a t e d  from t h e  hot  r e a c t o r  zone by two two-way v a l v e s .  The i n e r t  
c a r r i e r  gas, a rgon ,  i s  l e t  i n  f rom t h e  bot tom, p a s s i n g  t h e  f r i t ,  
c r e a t i n g  a s i m u l a t e d  f l u i d i z e d  bed o f  c o a l  powder. Coal powder a l o n g  
w i t h  t h e  i n e r t  g a s  i s  p u l s e d  i n t o  t h e  h o t  r e a c t o r  zone by s e q u e n t i a l l y  
p u l s i n g  open e a c h  o f  t h e  two-way v a l v e s .  Gaseous p r o d u c t s  are 
c a r r i e d  by t h e  e x c e s s  i n e r t  g a s  o n t o  t h e  15K m a t r i x  i s o l a t i o n  s u r f a c e  
t o  be s t u d i e d  by i n f r a r e d  s p e c t r o s c o p y .  U s u a l l y  50-100 p a u s e s  o f  
c o a l  powder were used f o r  each  t r a p p i n g .  

F i g u r e  3 p r e s e n t s  a s c h e m a t i c  d iagram o f  a p u l s e d  f l o w  r e a c t o r  

A two-way v a l v e  i s  t h e n  

The t h i r d  s e c t i o n ,  C ,  i s  used f o r  i n t r o d u c t i o n  o f  c o a l  powders 

PULSED FLOW VERTICAL HEATER REACTOR 

. A schemat ic  drawing  o f  t h e  v e r t i c a l  h e a t e r  r e a c t o r  i s  shown i n  
F i g u r e  4 .  This  r e a c t o r  i s  v e r y  s imi l a r  t o  t h e  p u l s e d  flow r e a c t o r  
d e s c r i b e d  i n  F i g u r e  3, e x c e p t  t h a t  t h e  d e s i g n  a l l o w s  t h e  gaseous  
p r o d u c t s  t o  be t r a p p e d  d i r e c t l y  o n t o  t h e  m a t r i x  s u r f a c e  w i t h o u t  
f o r m a t i o n  of t a r s  a l o n g  t h e  s i d e s  o f  t h e  t u b e  a s  i n  t h e  c a s e  f o r  t h e  
p r e v i o u s  r e a c t o r .  The h o t  r e a c t o r  zone i s  p l a c e d  i n  t h e  m a t r i x  
i s o l a t i o n  chamber. It c o n s i s t s  o f  a q u a r t z  t u b e  w i t h  a small opening  
n e a r  t h e  bottom of t h e  t u b e  which i s  i n s e r t e d  i n t o  a v e r t i c a l  t a n t a l u m  
h e a t e r .  The t a n t a l u m  h e a t e r  a l s o  h a s  a smal l  opening  on t h e  s i d e  
f a c i n g  t h e  m a t r i x  i s o l a t i o n  s u r f a c e .  A smal l  p i e c e  o f  q u a r t z  wool 
i s  p l a c e d  i n t o  t h e  q u a r t z  t u b e  so t h a t  it j u s t  c o v e r s  t h e  opening .  
T h i s  p r e v e n t s  p a r t i c l e s  from b e i n g  blown o n t o  t h e  m a t r i x  s u r f a c e  and 
keeps  them i n  t h e  h o t  r e a c t o r  zone.  

Coal powder i s  p u l s e d  i n t o  t h e  h e a t e r  i n  t h e  same way as 
d e s c r i b e d  f o r  t h e  p r e v i o u s  p u l s e d  f low r e a c t o r .  I n  g e n e r a l ,  p y r o l y s i s  
i s  c a r r i e d  out  o v e r  a t e m p e r a t u r e  r a n g e  o f  1 2 0  t o  1000 C y  i n  vacuo.  
Argon h a s  been used  as  t h e  i n e r t  c a r r i e r  and m a t r i x  g a s .  

RESULTS 
-Pyrolysis o f  I l l i n o i s  #6 Powder 

Coal p a r t i c l e s  (250  mesh) a r e  p l a c e d  i n  t h e  v e r t i c a l  q u a r t z  t u b e  
d e s c r i b e d  i n  F i g u r e  4 and s lowly  h e a t e d  from 1 4 6 C  t o  1038C. Gaseous 
p r o d u c t s  o b t a i n e d  a t  d i f f e r e n t  i n t e r v a l s  o f  t e m p e r a t u r e  are  t r a p p e d  
w i t h  a rgon ,  i n t r o d u c e d  from a s e p a r a t e  i n l e t  t u b e ,  o n t o  t h e  l5K 
copper  m a t r i x  i s o l a t i o n  s u r f a c e  and s u b s e q u e n t l y  examined t h r o u g h  
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t h e  water  ends up as CO and CO2, as s e e n  by t h e  p r e s e n c e  of c018 and 
C016018 i n  t h e  r e a c t i o n  w i t h  D2018. However, no d e u t e r a t e d  methane 
i s  e v i d e n t  i n  e i t h e r  r e a c t i o n s .  

DISCUSSION 

To d a t e  ou r  work h a s  shown t h a t  t h e  p r o d u c t  gaseous  s p e c i e s  from 
p y r o l y s i s  a r e  v e r y  dependent  on c o a l  p a r t i c l e  s i z e .  A s  might  be 
e x p e c t e d ,  t h e  l a r g e r  p a r t i c l e s  t e n d  t o  produce t h e  smaller a l k a n e s  
and a l k e n e s  as a r e s u l t  o f  s e c o n d a r y  p y r o l y s i s .  Rapid p y r o l y s i s  of  
t h e  s m a l l e r  p a r t i c l e s  p r o d u c e s  new s p e c i e s  which a r e  thought  t o  be 
more r e p r e s e n t a t i v e  of  t h e  s p e c i e s  r e s u l t i n g  from i n i t i a l  bond break-  
i n g  s t e p s .  One s e c i e s  i n  p a r t i c u l a r  produces  s t r o n g  f e a t u r e s  a t  

i d e n t i f i c a t i o n  o f  t h i s  s p e c i e s  as y e t  b u t  i t  i s  hoped t h a t  s t u d i e s  
of  model compounds and a d d i t i o n a l  mass s p e c t r o m e t r i c  i n f o r m a t i o n  w i l l  
a l l o w  i d e n t i f i c a t i o n  o f  t h i s  s i g n i f i c a n t  r e a c t i o n  i n t e r m e d i a t e .  It i s  
a l s o  c l e a r  t h a t  improved c o n t r o l  o f  p a r t i c l e  s i z e  and t h e  amount o f  
c o a l  i n j e c t e d  p e r  p u l s e  w i l l  g r e a t l y  a i d  o u r  i n t e r p r e t a t i o n  of  product  
d i s t r i b u t i o n s .  O f  c o u r s e ,  t h i s  a l s o  a p p l i e s  t o  s t u d i e s  of  r e a c t i o n s  
w i t h  g a s e s  such  a s  water, hydrogen and carbon d i o x i d e .  P r e l i m i n a r y  
work w i t h  a small g a s  r e c i r c u l a t i n g  s y s t e m  i n  which s e l e c t e d  c o a l  
p a r t i c l e  s izes  are e n t r a i n e d  w i t h  r e a c t a n t  and i n e r t  g a s e s  i n d i c a t e s  
t h a t  a much improved p u l s e d  c o a l  i n j e c t i o n  sys tem i s  p o s s i b l e .  It  
i s  expec ted  t h a t  c o n s i d e r a b l e  a d d i t i o n a l  d a t a  o f  p r o d u c t  d i s t r i b u t i o n s  
c o r r e l a t e d  t o  p a r t i c l e  s i z e ,  t e m p e r a t u r e  and r e a c t a n t  g a s  w i l l  be 
a v a i l a b l e  i n  t h e  n e a r  f u t u r e .  
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CHEMISTRY AND STRUCTURE OF COALS: A I R  OXIDATION STUDIES 
RELATED TO F L U I D I Z E D  BED COblBUSTION 

E. L. F u l l e r ,  J r . ,  N. R.  Smyrl, R .  IC. Smithwick 111, and C. S. Daw* 

Oak Ridge Y - 1 2  Plant  
Union Carbide Corporation, 
Nuclear Division 
Oak Ridge, Tennessee 37830 

E f f i c i e n t  use of c o a l s  a s  feedstocks and thermal energy requires  
comprehensive understanding o f  t h e  physical  and chemical s t r u c t u r e  of 
the  s t a r t i n g  m a t e r i a l s  and the  changes wrought in  t h e  processing steps. 
Diffuse Reflectance Inf ra red  Fourier  Transform (DRIFT) spectroscopy is  
being developed’’ a s  a f a c i l e ,  nondis t ruc t ive ,  rap id ,  highly infonna- 
t i v e  means of  measuring and monitoring t h e  chemical s t r u c t u r e  of coals 

Figure 1 shows how well t h e  DRIFT technique can be used t o  rank 
coals  with respec t  t o  t h e  hydroxyl content  and hydrocarbon type and 
content f o r  unweathered powders of t h e  g r e a t e r  matur i ty  increasing 
from top t o  bottom. 
la ted  t o  carbonyl conten t ,  polynuclear a romat ic i ty  and mineral type 
and mineral content  f o r  t h e  var ious coal  powders and t h e  simulated 
end members of t h e  c o a l i f i c a t i o n  process ( c e l l u l o s i c  fiber: 
and graph i t e ) .  
oxidation a r e  r e a d i l y  discerned.  This p a r t i a l  oxidat ion involved loss  
of t h e  a l i p h a t i c  hydrogen (2800-3000 cm-’) and simultaneous carbonyl 
formation (1600-1900 cm-l) i r i th  l i t t l e  o r  no l o s s  of hydroxyl (3600-  
2000 cm-l), aromatic hydrogen (3200-3000 cm-l), polynuclear carbon 
(1650-1550 cm-’) , nor  polyaromatic hydrogen (900-500 cm-’). Studies 
of c a t a l y t i c  e f f e c t s  due t o  inorganic c o n s t i t u e n t s  a r e  f a c i l i t a t e d  by 
DRIFT a s  shown i n  Figure 4 where q u a n t i t a t i v e  measures a r e  obtained f o r  
the amount and n a t u r e  of  a r g i l l i c  components inherent  i n  and/or admixed 
with t h e  run of t h e  mine coals .  

Figure 2 shows t h e  wealth of information as  re-  

Figure 3 i s  an example where t h e  changes due t o  

The DRIFT technique uses t h e  coal a s  a s o l i d  p iece  and/or as powder 
with no mulling agents  (CCII,), support medium (KBr), o r  o ther  extraneous 
mater ia l s  t h a t  can cont r ibu te  erroneous s p e c t r a l  f e a t u r e s  and serve a s  
b a r r i e r s  f o r  i n  s i t u  r e a c t i o n  s tudies .  Figures 5 and 6 i l l u s t r a t e  the 
addi t iona l  information t h a t  one can obta in  by not ing s p e c t r a l  changes 
wought  on oxidat ion.  
only t h e  a l i p h a t i c  hydrocarbon i n i t i a l l y  and only a t  t h e  l a t t e r  s tages  
the  oxygen a t t a c k i n v o l v e s  unsaturated o l e f i n i c  and aromatic species 

The dehydrogenation process  involves oxidation of 
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(3035 cm-l). Also there is little o r  no loss  of phenolic, carboxyl 
alcoholic, etc. entities (3650-2400 cm-l) until the later stages of 
reaction. Figure 6 shows more details of the oxygen insertion pro- 
cess where the initial oxidation forms somewhat isolated carbonyls 
(1705 cm-l) with higher degrees of reaction progressively forming 
analogs of carboxylic acids (1745 cm-l), acid anhydrides (1775 cm-l) 
and organic carbonates (1845 cm-l) as a synergetic continum of oxygen 
enrichment prior to the final evolution as gaseous carbon dioxide. 
Steady state conditions seem to prevail where the process proceeds 
continuously at the steady state concentrations noted in the upper 
difference spectrum. 
tor the concentration of virtually all of the entities required to 
fully elucidate the oxidation mechanism proposed by batch techniques. '' 
Additional details of interpretation and experimental techniques are 
given elsewhere. 

DRIFT spectroscopy uniquely allows one to moni- 

Mercury porosimetry, vapor sorption, microscopy, and helium 
picnometry aid appreciably in our heat and mass transport modelling 
under conditions relevant to fluidized bed reactors of the Tennessee 
Valley Authority. The original rigid structure of the coal swells 
and expands as volatile bubbles grow and flow out of the tarlike mass 
where the -3+4 mesh particles are introduced into the hot (1500°F) 
reactor. The volatiles burn vigorously and the residual char slowly 
burns away to leave residual ash. 
nature of the porosity (internallexternal, open/closed, macro/micro, 
etc.) as determined by the various techniques and the relevance to 
existing and proposed processes. 

Data will be given to show the 
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DIFFUSE REFLECTANCE SPECTRA: 
0 - H  AND C-H STRETCH 

WAVE NUMBER Icm-ll 

Figure 1. 
DRIFT s p e c t r a  o f ;  A. c e l l u l o s i c  f i b e r s ,  
B. L igni te ,  C. Subbituminous Coal, 
D. C-bituminous coal ,  E. A-bituminous 
coa l ,  and F. Graphite. A l l  samples 
a r e  equi l ibra ted  with 30 ppm moisture 
i n  t h e  argon purge. 

Hydrogen s t r e t c h  region of 
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3 . W  3.MO 2 . W  2.0W 1.500 1.OM 500 
a- l a - l l  

Figure 4. Correction f o r  Minerals. A. DRIFT 
spectrum f o r  powdered coa l .  B. DRIFT spectrum 
of  20% kaolin dispersed i n  powdered KC1.  C. 
A-0.7404B f o r  each of t h e  ind iv idua l  3600 da ta  
p o i n t s .  

Figure 5 .  DRIFT Difference Spectra for  ca ' I 

19 hours continuous oxidat ion of  coal .  
d i f fe rence  spec t ra  show t h e  loss of hydrogen 
from C-H and, i n  l a t e r  s tages ,  OH uni t s  of 
coal .  

m e s e  

, 

I 

Figure 6 .  
Region. 
specie  changes markedly. 
carbonyls is noted and s h i f t  t o  higher  f requencies  
is  evident .  

DRIFT Difference Spectra  for Carbonyl 
The amount and na ture  of  t h e  oxygenated 

A general increase  i n  
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I n  t roduc  t i o n  

Coal char  samples t h a t  are used f o r  gas-carbon r e a c t i o n  s t u d i e s  
can  p o s s e s s  a wide range  of  p o r o s i t i e s  depending upon p r e p a r a t i o n  tech-  
n iques .  I n  g e n e r a l ,  t h e  c h a r  may be  c l a s s i f i e d  as non-porous, s l i g h t l y  
porous,  or h i g h l y  porous .  The t o t a l  p a r t i c l e  r e a c t i o n  r a t e  i s  a summa- 
t i o n  of t h e  i n t r a - p a r t i c l e  r e a c t i o n  r a t e  and t h e  e x t e r n a l  s u r f a c e  reac-  
t i o n  r a t e  and i s  dependent  upon t h e  t y p e  o f  c h a r  under  i n v e s t i g a t i o n ,  
v i z .  

I 
1 

rmeas = (nAint + Aext)rtrue (1) 

where rmeas i s  t h e  measured t o t a l  p a r t i c l e  r e a c t i o n  ra te ,  rtrue i s  t h e  
t r u e  r e a c t i o n  r a t e ,  Aint and Aext a r e  t h e  i n t e r n a l  and e x t e r n a l  s u r f a c e  
a r e a s ,  r e s p e c t i v e l y ,  and q i s  t h e  e f f e c t i v e n e s s  f a c t o r ,  

F u r t h e r  e l a b o r a t i o n s  on t h e  t o t a l  p a r t i c l e  r e a c t i o n  r a t e  a r i s e  
i n  gas-carbon r e a c t i o n s  when r e a c t i o n  a t  s p e c i f i c  s i tes  w a r r a n t s  t h e  
i n c l u s i o n  of an i n t e r n a l  and e x t e r n a l  a c t i v e  s i t e  d e n s i t y ,  C t ,  and when 
rtrue a p p l i e s  t o  a complex r e a c t i o n  p a t h  such  as g a s i f i c a t i o n ,  v i z .  
char-C02 g a s i f i c a t i o n ,  

kl(CO2) 
= ( , , ~ i n t C ~ i n t  + AextC t e x t )  ( 2 )  

k l  k- 1 1 + -(C02) + --(CO) 
k3  k 3  

h e a s  

I t  i s  o f t e n  d i f f i c u l t  t o  de te rmine  when t h e  e f f e c t i v e n e s s  f a c t o r  i s  
approximate ly  u n i t y  f o r  complex r e a c t i o n  p a t h s ,  consequent ly  r a t e  ex- 

' p r e s s i o n s  s impler  than  e q u a t i o n  ( 2 )  a r e  o f t e n  used .  For  example, J a l a n  
and Raol assumed a f i r s t  o r d e r  r e a c t i o n  ra te  w i t h  r e s p e c t  t o  C 0 2  d u r i n g  
char-C02 g a s i f i c a t i o n .  Also n o t e  t h a t  i n  t h e  c a s e  of e q u a t i o n  ( 2 )  o n l y  
"apparent"  a c t i v a t i o n  e n e r g i e s  can  b e  o b t a i n e d  from Arrhenius  p l o t s  of 
rmeas v s .  1 / T  s i n c e  k l ,  k-1, and k3  811 depend on T ,  and even t h i s  ap- 
proach i s  i n v a l i d  i f  t h e  s u r f a c e  a r e a s  and s i t e  d e n s i t i e s  a r e  n o t  con- 
s t a n t  w i t h  r e s p e c t  t o  tempera ture  and t h e  t i m e  d u r a t i o n  of  t h e  e x p e r i -  
ment. 
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When a s o l i d  c a t a l y s t  i s  i n t r o d u c e d  o n t o  c h a r ,  t h e  c a t a l y s t  
c o n t a c t i n g  w i t h  c h a r  must be  c o n s i d e r e d  s i n c e  i t  may be ( a )  l i m i t e d  t o  a 
small p o r t i o n  of  t h e  e x t e r n a l  c h a r  s u r f a c e  a r e a ,  ( b )  c o n t a c t e d  w i t h  t h e  
e n t i r e  e x t e r n a l  c h a r  s u r f a c e  area, b u t  excluded from i n t e r n a l  p o r e s ,  o r  
( c )  c o n t a c t e d  w i t h  t h e  e n t i r e  e x t e r n a l  and i n t e r n a l  c h a r  s u r f a c e  a r e a s .  
The consequences of c a t a l y s t  c o n t a c t i n g  on measured r e a c t i o n  r a t e s  and 
measured a c t i v a t i o n  e n e r g i e s  need t o  b e  r e a l i z e d  when i n t e r p r e t i n g  ex- 
p e r i m e n t a l  d a t a  s i n c e  t h e s e  measurements o f t e n  a r e  t a k e n  as t h e  main 
b a s i s  f o r  s p e c u l a t i n g  on c a t a l y t i c  mechanisms. 2-4 

Ana 1 y s i s  

I t  h a s  been proposed t h a t  c e r t a i n  c a t a l y s t s  i n  gas-carbon 
r e a c t i o n s  a c t  o n l y  t o  i n c r e a s e  t h e  d e n s i t y  o f  a c t i v e  s i t e s  ( i . e .  Ct i n  
e q u a t i o n  (211.5 
m a r i z e s ,  f o r  s e v e r a l  i n i t i a l  r e a c t i o n  c o n d i t i o n s  and f o r  s e v e r a l  con- 
d i t i o n s  of  c a t a l y s t  c o n t a c t i n g ,  t h e  changes i n  measured r e a c t i o n  r a t e s  
and measured a c t i v a t i o n  e n e r g i e s  which o c c u r  when a s o l i d  c a t a l y s t  i s  
in t roduced  o n t o  c h a r .  As shown i n  Table  1, t h e  i n i t i a l  u n c a t a l y z e d  
r e a c t i o n  c o n d i t i o n s  may be  i n  t h e  regime of  k i n e t i c  c o n t r o l  ( n = l ) ,  
i n t r a - p a r t i c l e  d i f f u s i o n a l  c o n t r o l  ( ~ < l ) ,  o r  e x t e r n a l  d i f f u s i o n a l  con- 
t r o l  ( i . e .  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  i n  b u l k  and s u r f a c e  concen- 
t r a t i o n s  and f i l m  t h i c k n e s s ) .  When a s o l i d  c a t a l y s t  is i n t r o d u c e d ,  t h e  
c a t a l y z e d  r e a c t i o n  c o n d i t i o n s  depend on t h e  p o r o s i t y  of  t h e  c h a r  and the  
e x t e n t  of  c a t a l y s t  c o n t a c t i n g  ( i . e .  c a t a l y s t  p e n e t r a t e s  i n t e r n a l  p o r e s  
o r  c a t a l y s t  excluded from i n t e r n a l  p o r e s ) .  The i n t e r p l a y  between i n i t i a l  
unca ta lyzed  r e a c t i o n  c o n d i t i o n s  and e x t e n t  o f  c a t a l y s t  c o n t a c t i n g  d u r i n g  
c a t a l y t i c  g a s i f i c a t i o n  can  l e a d  t o  measured a c t i v a t i o n  e n e r g i e s  increas-  
i n g ,  d e c r e a s i n g ,  or remain ing  c o n s t a n t  w i t h  c a t a l y s t  a p p l i c a t i o n .  
i n t e r e s t i n g  c a s e  i s  where t h e  measured a c t i v a t i o n  energy  i n c r e a s e s  w i t h  
t h e  i n t r o d u c t i o n  of  a s o l i d  c a t a l y s t .  I n  such a c a s e  a s l i g h t l y  porous 
c h a r  has  a n  unca ta lyzed  t o t a l  p a r t i c l e  r e a c t i o n  rate i n i t i a l l y  made up 
o f  n e a r l y  e q u i v a l e n t  e x t e r n a l  and i n t e r n a l  ( d i f f u s i o n  c o n t r o l l e d )  re- 
a c t i o n  ra tes .  I n t r o d u c t i o n  o f  a c a t a l y s t ,  which i s  excluded from in- 
t e r n a l  p o r e s  b u t  which c o n t a c t s  t h e  e n t i r e  e x t e r n a l  s u r f a c e  a r e a ,  can  
l e a d  t o  t h e  e x t e r n a l  s u r f a c e  r e a c t i o n  ra te  overwhelming t h e  i n t r a -  
p a r t i c l e  r e a c t i o n  r a t e  and consequent ly  i n c r e a s i n g  t h e  measured a c t i v a -  
t i o n  energy .  

Assuming t h i s  t y p e  o f  c a t a l y s i s  p r e v a i l s ,  T a b l e  1 sum- 

An 

I n  reviews o f  c a t a l y z e d  gas-carbon r e a c t i o n s ,  i t  i s  o f t e n  
n o t e d  t h a t  t h e  measured a c t i v a t i o n  energy may d e c r e a s e  w i t h  i n t r o d u c t i o n  
o f  a c a t a l y s t  a s  t h e  system becomes d i f f u s i o n  c o n t r o l l e d . 6  
s i m i l a r  p h y s i c a l  r e a c t i o n  c o n s i d e r a t i o n s  a r e  u s u a l l y  n o t  g i v e n  t o  t h e  
case where t h e  measured a c t i v a t i o n  energy i n c r e a s e s  w i t h  i n t r o d u c t i o n  of 
a c a t a l y s t .  
crease, d e c r e a s e ,  and remain c o n s t a n t  f o r  c a t a l y z e d  gas-carbon r e a c t i o n s  
r e l a t i v e  t o  t h e  unca ta lyzed  r e a ~ t i o n s . ~ - 5 , ’  
t h a t  c a t a l y s t  c o n t a c t i n g  a l o n e  may e x p l a i n  t h e s e  d i f f e r e n c e s .  

However, 

Measured a c t i v a t i o n  e n e r g i e s  have been r e p o r t e d  t o  in-  

I t  i s  i n t e r e s t i n g  t o  n o t e  

R e s u l t s  Using Non-porous Char 

In a r e c e n t  s t u d y ,  Baker* p r e s e n t e d  r e s u l t s  on t h e  c a t a l y z e d  
char-CO2 s u r f a c e  exchange of  oxygen. Such a sys tem was o r i g i n a l l y  s t u d i e d  
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by Orning and S t e r l i n p . 9  The c h a r  t h a t  was used i n  t h i s  s t u d y  was non- 
porous thereby  e l i m i n a t i n g  t h e  need f o r  c o n s i d e r a t i o n s  o f  b o t h  i n t r a -  
p a r t i c l e  r e a c t i o n  r a t e s  and i n t e r n a l  c a t a l y s t  c o n t a c t i n g .  By employing 
a unique p u l s i n g  technique ,  t h e  ~ 0 2  molecules  could  be  fol lowed through 
a char-packed m i c r o d i f f e r e n t i a l  r e a c t o r  w i t h o u t  t h e  u s e  o f  r a d i o a c t i v e  
t r a c e r s  which were e x t e n s i v e l y  used i n  e a r l i e r  ~ t u d i e s . 9 - l ~  

p u l s e  r e s i d e n c e  t ime,  and r e a c t o r  tempera ture  and p r e s s u r e ,  p e r m i t t e d  
measurements of  t h e  char-CO2 oxygen exchange r e a c t i o n  f o r  u n c a t a l y z e d  

: c h a r ,  a s  w e l l  a s  c h a r  c a t a l y z e d  w i t h  a l k a l i  and a l k a l i n e  e a r t h  c a r b o n a t e s ,  
v i z .  

The e x p e r i -  
\?ental system i s  d e p i c t e d  i n  F i g u r e  1. P r o p e r  c h o i c e  of  p u l s e  s i z e ,  

\ w h e r e  Cf  is a f r e e  a c t i v e  exchange s i t e  which c a n  a c c e p t  oxygen from 
' ,gaseous  C02 and Co is a n  oxygen occupied a c t i v e  exchange s i t e .  The 

t o t a l  d e n s i t y  of  a c t i v e  exchange s i t e s  i s  g i v e n  by 

F i g u r e  2 p r e s e n t s  some o f  t h e  d a t a  from t h e  s t u d y .  
I d i s c u s s i o n  and a n a l y s i s  i s  provided  by Baker8 and by Baker and A t t a r . 1 3  
',By i n i t i a l l y  purging t h e  system w i t h  CO,  a l l  t h e  a c t i v e  s i t e s  were con- 

A d e t a i l e d  

v e r t e d  t o  f r e e  a c t i v e  s i t e s .  
s u r f a c e  o x i d e  formation i s  g i v e n  by 

Consequent ly ,  t h e  r e a c t i o n  r a t e  a t  low 

,\ 

rmeas = AextCteXt k l  (C02) 
7 

( 5 )  

which a l l o w s  d i r e c t  measurement of  k l ( T ) .  S i n c e  n e g l i g i b l e  g a s i f i c a t i o n  
!occurred ,  t h e  s u r f a c e  a r e a  and a c t i v e  s i t e  d e n s i t y ,  as  g i v e n  i n  e q u a t i o n  

remained c o n s t a n t  th roughout  t h e  exper iments .  

The d a t a  which a re  p l o t t e d  i n  F i g u r e  2 i n d i c a t e  t h e  p o s s i b i l -  
i ( 5 ) 9  

\ i t y  t h a t  t h e  a c t i v a t i o n  energy f o r  k l  a t  low s u r f a c e  oxide  format ion ,  
1214 kJ/mole,  i s  t h e  same € o r  c a t a l y z e d  and u n c a t a l y z e d  c h a r .  Mentser  

and Ergun determined a s imilar  v a l u e  of  222 kJ/mole f o r  u n c a t a l y z e d  
, carbon b l a c k . 1 4  A t  h i g h  s u r f a c e  o x i d e  format ion  t h e  back r e a c t i o n  
' cannot  b e  n e g l e c t e d ,  v i z .  
i 

k- 1 co + co - c02 + cf. 

' and t h i s  l e a d s  t o  c u r v a t u r e  i n  t h e  A r r h e n i u s  d a t a . a  The d i f f e r e n c e s  i n  
measured r e a c t i o n  ra tes  f o r ,  d i f f e r e n t  c a t a l y s t s  i s  a t t r i b u t e d  t o  d i f -  
f e r e n c e s  i n  t h e  d e n s i t y  of a c t i v e  s i t e s ,  C t e x t .  S u r f a c e  areas,  Aext ,  
were e s s e n t i a l l y  e q u i v a l e n t  f o r  a l l  samples .  

A t  p r e s e n t ,  t h e  d a t a  do n o t  a l l o w  d i s c r i m i n a t i o n  between t h e  
d e g r e e  o f  c a t a l y s t  c o n t a c t i n g  a t  t h e  c h a r  s u r f a c e  f o r  t h e  v a r i o u s  c a r -  
b o n a t e s  (ca lc ium,  sodium, and potass ium)  and t h e i r  i n t r i n s i c  c a p a b i l i t y  
to g e n e r a t e  a c t i v e  s i t e s  on t h e  c h a r  s u r f a c e .  
p o i n t  o u t  some s i m i l a r i t i e s  between c a t a l y z e d  and u n c a t a l y z e d  gas-char 
r e a c t i o n s  which a r e  n o t  accounted f o r  i n  many Of t h e  proposed c a t a l y t i c  
g a s i f i c a t i o n  mechanisms t h a t  a r e  based mainly on d i f f e r e n c e s  i n  measured 
"apparent"  a c t i v a t i o n  e n e r g i e s .  

a 

However, t h e  d a t a  do 

S t a t i s t i c a l l y  meaningful  d a t a  could  o n l y  be o b t a i n e d  a t  convers ions  
o f  >3% and t h e  back r e a c t i o n  became n o t i c e a b l e  a t  c o n v e r s i o n s  of  
IO%, t h u s  l i m i t i n g  t h e  convers ion  range  f o r  a c t i v a t i o n  energy  de- 
t e r m i n a t i o n s .  
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Conclusions 

S o l i d - s o l i d  c o n t a c t i n g  may a f f e c t  t h e  measured r e a c t i o n  r a t e  
and measured a c t i v a t i o n  energy  d u r i n g  c a t a l y z e d  gas-carbon r e a c t i o n s .  
The measured a c t i v a t i o n  energy may i n c r e a s e ,  d e c r e a s e ,  o r  remain con- 
s t a n t  w i t h  t h e  i n t r o d u c t i o n  of  a s o l i d  c a t a l y s t .  Data  f o r  a non-porous 
c h a r  i n d i c a t e d  an i d e n t i c a l  f i r s t  s t e p  i n  c a t a l y z e d  and unca ta lyzed  char  
g a s i f i c a t i o n .  
a p p a r e n t l y  a t  a c t i v e  s i t e  l o c a t i o n s .  The a c t i v a t i o n  energy f o r  t h i s  
r e a c t i o n ,  214 kJ/mole,  was s i m i l a r  f o r  c a t a l y z e d  and u n c a t a l y z e d  c h a r ,  
however, t h e  r e a c t i o n  r a t e s  d i f f e r e d  by o r d e r s  o f  magni tude.  
l y t i c  e f f e c t  f o r  t h e  a l k a l i  and a l k a l i n e  e a r t h  c a r b o n a t e s  w a s  a t t r i b u t e d  
t o  d i f f e r e n c e s  i n  t h e  d e n s i t y  o f  a c t i v e  s i t e s .  
c a t a l y z e d  ra tes  were due t o  d i f f e r e n t  d e g r e e s  o f  e x t e r n a l  c o n t a c t i n g  o r  
t o  t r u e  d i f f e r e n c e s  i n  c a t a l y t i c  p r o p e r t i e s  was n o t  r e s o l v e d  i n  t h i s  
s tudy  . 

That  i s ,  C02 exchanged oxygen w i t h  t h e  c h a r  s u r f a c e ,  

The ca ta -  

Whether t h e  d i f f e r e n t  

1 .  

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

9 .  
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A STUDY OF THE ROLE OF ALKALI METAL SALTS AS CHAR GASIFICATION 
CATALYSTS BY KNUDSEN CELL MASS SPECTROMETRY 

Bernard J. Wood, Robert  D. B r i t t a i n ,  and K.  H. Lau 

M a t e r i a l s  Rsearch Labora tory ,  SRI I n t e r n a t i o n a l  
333 Ravenswood Avenue, Menlo Park ,  CA 94025 

INTRODUCTION 

Although t h e r e  is much c u r r e n t  i n t e r e s t  (1, 2 ) i n  t h e  high-temperature r e a c t i o n  
Of o x i d i z i n g  g a s e s  wi th  carbons  admixed w i t h  a l k a l i  meta l  sa l t s ,  t h e r e  i s  no con- 
sensus  on t h e  chemical  mechanisms t h a t  comprise  t h e  p r o c e s s .  There is g e n e r a l  
agreement t h a t  t h e  carbon and t h e  s a l t  chemica l ly  i n t e r a c t  a t  modest tempera tures  t o  
form a c a t a l y t i c a l l y  a c t i v e  s ta te  O K  r e a c t i v e  i n t e r m e d i a t e  f o r  t h e  o x i d a t i o n  reac-  
t i o n .  The n a t u r e  o f  t h i s  s t a t e  o r  i n t e r m e d i a t e ,  however, is d i s p u t a b l e .  To s e a r c h  
f o r  t h e  i d e n t i t y  o f  t h i s  i n t e r m e d i a t e  and t o  e l u c i d a t e  i t s  r o l e  i n  c a t a l y z i n g  t h e  
g a s i f i c a t i o n  O K  o x i d a t i o n  o f  carbon,  we  have employed Knudsen c e l l  mass spec t romet ry  
t o  examine t h e  gaseous  s p e c i e s  i n  e q u i l i b r i u m  w i t h  c a r b o n - a l k a l i  metal sa l t  admix- 
t u r e s  a t  e l e v a t e d  tempera tures .  

EXPERIMENTAL 

Knudsen c e l l  mass spec t romet ry  is a technique  which r e v e a l s  t h e  gaseous  s p e c i e s  
i n  e q u i l i b r i u m  w i t h  a s o l i d  O K  l i q u i d  phase ,  a l o n e  o r  i n  t h e  presence  o f  added 
g a s e s .  h e  m a t e r i a l  o f  i n t e r e s t  i s  loaded i n t o  t h e  Knudsen c e l l ,  a small c y l i n -  
d r i c a l  c o n t a i n e r  made o f  r e f r a c t o r y  material, wi th  a n  o r i f i c e  t h a t  i s  a v e r y  small 
f r a c t i o n  o f  t h e  c e l l ' s  t o t a l  s u r f a c e  a r e a .  The c e l l  i s  s i t u a t e d  i n  a h igh  vacuum 
system so t h a t  t h e  o r i f i c e  is i n  l i n e - o f - s i g h t  w i t h  a mass s p e c t r o m e t e r  i o n  
s o u r c e .  An e l e c t r i c a l  r e s i s t a n c e  hea t ing  element  permi ts  t h e  c e l l  t o  be  heated t o  
high tempera tures .  Gaseous s p e c i e s  formed i n  t h e  ce l l ,  o r  in t roduced  through a n  
i n l e t  t u b e ,  c o l l i d e ,  on  t h e  a v e r a g e ,  thousands  of  t i m e s  w i t h  t h e  c o n t e n t s  of  t h e  
c e l l  b e f o r e  they  escape  through t h e  o r i f i c e .  Consequent ly ,  t h e s e  s p e c i e s  c a n  b e  
cons idered  t o  b e  i n  chemical  and thermal  e q u i l i b r i u m  wi th  t h e  s o l i d / l i q u i d  phases  i n  
t h e  c e l l  when they  emerge from t h e  o r i f i c e  and are d e t e c t e d  by t h e  mass spec- 
t r o m e t e r .  A s h u t t e r ,  which can  b e  moved over  t h e  o r i f i c e ,  p e r m i t s  t h e  c e l l  e f f u s a t e  
t o  be  d i s t i n g u i s h e d  from t h e  ambient g a s e s  i n  t h e  vacuum system. The g e n e r a l  exper-  
i m e n t a l  technique and o u r  a p p a r a t u s  have been d e s c r i b e d  i n  t h e  l i t e r a t u r e  (3 ,  4 ) .  
In  o u r  exper iments  we used 100 mg samples  o f  pure  a lka l i  metal s a l t s  O K  o f  sa l t s  
admixed wi th  I l l i n o i s  No. 6 c o a l  char  o r  Spheron-6 channel  b l a c k  i n  Knudsen e f f u s i o n  
c e l l s  f a b r i c a t e d  from plat inum and from g r a p h i t e .  We determined t h e  r e l a t i v e  
p a r t i a l  p r e s s u r e s  of vapor  components by measuring t h e i r  i o n  i n t e n s i t i e s  wi th  
i o n i z i n g  e n e r g i e s  3 t o  3.5 e V  g r e a t e r  t h a n  t h e i r  r e s p e c t i v e  appearance  p o t e n t i a l s ,  
t o  avoid c o n t r i b u t i o n s  t o  t h e  i o n  s i g n a l s  by a l t e r n a t i v e  f r a g m e n t a t i o n  p r o c e s s e s  i n  
t h e  mass spec t rometer .  The a b s o l u t e  vapor  p r e s s u r e  o f  each  s p e c i e s  was c a l c u l a t e d  
by t h e  e q u a t i o n ,  

P = k ( I + ) ( T ) / o  

where T is t h e  Temperature i n  Kelv ins ,  cs i s  t h e  r e l a t i v e  i o n i z a t i o n  c r o s s - s e c t i o n ,  
and k is an i n s t r u m e n t a l  c o n s t a n t ,  

The p a r t i c u l a r  systems Of i n t e r e s t  i n  t h i s  Study were K2CO3 mixed w i t h  Spheron- 
6 o r  c h a r ,  cs2c03 mixed wi th  Spheron-6, and KBK mixed wi th  Spheron-6. 
of added H20, COz, CO on vapor  species abundances above t h e  K2C03 a d m i x t u r e s  were 
i n v e s t i g a t e d  i n  s e p a r a t e  r u n s .  
t h e  pure  a lka l i  metal s a l t s  i n  plat inum c e l l s ,  were a l s o  de te rmined .  

The e f f e c t s  

The r e l a t i v e  abundances o f  t h e  vapor  s p e c i e s  above 
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RESULTS 

Equi l ibr ium Gaseous 'Species  

P u r e  S a l t s  

On t h e  b a s i s  o f  t h e  observed i o n s  and t h e i r  r e l a t i v e  i n t e n s i t i e s  (Table  l ) ,  we 
conclude t h a t  t h e  major  vapor  s p e c i e s  over  K2C03(s) a r e  K2C03(g), K(g), COp(g), and 
0 2 ( g ) .  
The v a p o r i z a t i o n  p r o c e s s e s  of  K 2 C o 3 ,  i n  t h e  observed tempera ture  range  c a n  b e  
w r i t t e n  a s  fo l lows:  

?he n e u t r a l  K20(g) a p p e a r s  o n l y  a t  h igh  t e m p e r a t u r e  i n  n e g l i g i b l e  amount. 

2 )  K2C03(s) = 2K(g) + CO2(g) + 1/202(g)  

The e n t h a l p y ,  A H ,  f o r  Reac t ion  2 was c a l c u l a t e d  from t h e  tempera ture  dependence o f  
t h e  i n t e n s i t i e s  o f  t h e  gaseous  i o n s .  The v a l u e  o b t a i n e d ,  247 (+/- 5 )  !d/mol, is i n  
agreement w i t h  t h e  va lue  of  251 kJ/mol c a l c u l a t e d  from JANAF d a t a  (5) .  The der ived  
e n t h a l p y  o f  Reac t ion  3 w a s  291 kJ/mol .  

The v a p o r i z a t i o n  of  Cs2CO3 was found t o  proceed by ana logous  r e a c t i o n s :  

4 )  CS2CO3(S) = 2 W g )  + C02(g) + 1/202(!3) 

5)  CS2CO3(S) = Cs2C03(g) 

E n t h a l p i e s  o f  v a p o r i z a t i o n  were c a l c u l a t e d  from t h e  tempera ture  dependence o f  Cs' 
and Cs2CO: i n  t h e  tempera ture  range  930 t o  1051 K .  For Reac t ion  4 t h e  exper imenta l  
en tha lpy  was A H  = 240.3 (+/- 3 )  kJ/mol compared t o  248.7 W/mol c a l c u l a t e d  from t h e  
JANAF t a b l e s  ( 5 ) .  
kJ/mol .  

The e n t h a l p y  of t h e  s u b l i m a t i o n  r e a c t i o n  was 251.9 (+/- 3 )  

Carbon-Salt M m i x t u r e s  

Over a n  admixture  o f  K2CO3 and c o a l  c h a r  (8 w t %  K ,  mole r a t i o  K/C = 0 . 0 2 9 ) ,  
observed i n  t h e  tempera ture  range  723 t o  973 K ,  
were V g ) ,  CO(g), and COz(g), s u g g e s t i v e  of  carbothermic  r e d u c t i o n  o f  t h e  inorganic  
s a l t :  

t h e  o n l y  i d e n t i f i a b l e  vapor  s p e c i e s  

7) K2C03(S) + Z C ( S )  = 2K(g) + 3CO(g) 

The tempera ture  dependence o f  vapor  p r e s s u r e s  f o r  K(g),  CO(g), and C02(g) is given  
i n  Table 2. 
K2C03 sample are p l o t t e d  in Figure  1 a long  w i t h  t h e  e q u i l i b r i u m  l i n e s  c a l c u l a t e d  
from JANAF d a t a  (5 )  f o r  R e a c t i o n s  2,  6, and 7 .  
mixture  of s a l t  wi th  c h a r  are i n t e r m e d i a t e  between t h o s e  f o r  t h e  pure  s a l t  and f o r  
t h e  two r e d u c t i o n  r e a c t i o n s .  

The vapor  p r e s s u r e s  of  K(g) above t h e  K2C03-char sample and t h e  pure 

The p r e s s u r e s  o f  K(g) above t h e  
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I n  a s i m i l a r  manner t h e  v a p o r i z a t i o n  behavior  o f  pure  Cs2CO and m i x t u r e s  wi th  
Spheron-6 and coa l  c h a r  were i n v e s t i g a t e d .  A sample o f  Cs2C03 a h x e d  with SPheron- 
6 (25 w t %  C s ,  mole r a t i o  C s / C  = 0.033) was s t u d i e d  i n  t h e  tempera ture  range 729-1059 
K. The major s p e c i e s  observed were Cs(g) ,  CO(g), and C02(g) ,  b u t  t h e  Cog and t h e  
CO+ s i g n a l s  decreased c o n t i n u o u s l y  w i t h  t i m e  (Table  3 ) .  CsOH(g) was a l s o  o b s e r v a b l e  
i n  t h e  vapor a t  very  low p a r t i a l  p r e s s u r e s .  The tempera ture  dependence o f  p a r t i a l  
p r e s s u r e s  of  t h e  observed species above t h e  mixture  i s  g i v e n  i n  t h e  o r d e r  i n  which 
d a t a  were taken in Table 3. Success ive  p o i n t s  a t  t h e  same tempera ture  demonst ra te  
t h e  t i m e  behavior  o f  t h e  s i g n a l s  f o r  each  s p e c i e s .  I h e  m a t e r i a l  removed from t h e  
Knudsen c e l l  a t  t h e  c o n c l u s i o n  o f  t h i s  experiment  was pyrophor ic .  

To provide  a c l u e  t o  t h e  composi t ion  o f  t h e  solel  t h a t  remained i n  t h e  c e l l ,  
another  sample of t h e  CS CO -Spheron-6 mixture  wns heated i n  a s e p a r a t e  vacuum 
system a t  800 K overnigh:. 3A p o r t i o n  o f  t h i s  vacuum-heated mixture  was t r a n s f e r e d  
i n t o  a c a p i l l a r y  tube  under  a n  a rgon  atmosphere and analyzed by X-ray d i f f r a c t i o n .  
A c r y s t a l l i n e  d i f f r a c t i o n  p a t t e r n  was observed b u t  could not  b e  i d e n t i f i e d .  

I n  s e p a r a t e  exper iments ,  t h e  e q u i l i b r i u m  p r e s s u r e  o f  C s  above pure Cs2CO3, 
8 w t %  Cs2CO3 i n  c h a r ,  25 w t %  Cs2CO3 i n  c h a r ,  and 25% Cs2CO3 i n  Spheron-6 was 
observed.  The r e s u l t s  o f  t h e s e  exper iments  a r e  p l o t t e d  i n  F igure  2 ,  a long  w i t h  t h e  
c a l c u l a t e d  va lues  f o r  v a p o r i z a t i o n  o f  t h e  pure  s o l i d  and f o r  a p o s s i b l e  carbothermic  
r e d u c t i o n  r e a c t i o n .  The p r e s s u r e  of  C s  above t h e  Spheron-6 samples  is observed t o  
be  approximately one  o r d e r  of  magni tude h i g h e r  than  t h a t  above t h e  pure s a l t ,  whi le  
t h e  C s  p r e s s u r e  over  t h e  8 w t %  mixture  w i t h  c h a r  is two o r d e r s  o f  magnitude lower 
t h a n  t h a t  o f  t h e  pure s a l t .  I n c r e a s i n g  t h e  weight  l o a d i n g  of C s  i n  t h e  sample t o  
25% is accompanied by a n  i n c r e a s e  of  t h e  C s  vapor  p r e s s u r e  by a n  o r d e r  of  magni- 
t u d e .  X-ray d i f f r a c t i o n  a n a l y s i s  o f  t h e  r e s i d u a l  s o l i d  removed from t h e  Knudsen 
c e l l  revea led  the  presence  o f  cesium aluminum s i l i c a t e ,  CsAlSi04, among o t h e r  
u n i d e n t i f i e d  lines. 

In marked c o n t r a s t  t o  t h e  r e s u l t s  f o r  t h e  carbonate-carbon sys tems,  samples  o f  
pure K B r  and KBr  admixed wi th  Spheron-6 (4  wt%K; mole r a t i o  K / C  = 0.014) behaved 
i d e n t i c a l l y  wi th  r e s p e c t  t o  t h e  v a p o r i z a t i o n  o f  K-containing s p e c i e s ;  K B r  
subl imat ion  was t h e  o n l y  o b s e r v a b l e  r e a c t i o n  i n v o l v i n g  potassium i n  b o t h  samples .  

E f f e c t  o f  Added Gases 

The e f f e c t s  of  added H20, CO , and C02 upon vapor  p r e s s u r e  o f  K(g) above a 
Spheron-6 admixture  wi th  K2C0 
E f f e c t s  on  t h e  K+ s i g n a l  l e v e ?  were s t u d i e d  i n  t h e  tempera ture  range  900-1100 K. 
During a d d i t i o n  of  t h e  r e a c t a n t  g a s  t h e  t o t a l  p r e s s u r e  i n  t h e  mass s p e c t r o m e t e r  was 
increased  by a f a c t o r  o f  10 t o  approximate ly  1 x Pa .  S u b s t i t u t i o n  o f  Ar(g) f o r  
t h e  r e a c t i v e  g a s e s  had no e f f e c t  on t h e  K+ s i g n a l ,  i n d i c a t i n g  t h a t  t h e r e  was no 
dynamic f low e f f e c t  on  t h e  performance o f  t h e  Knudsen c e l l .  
caused an immediate, comple te ly  r e v e r s i b l e  K+ s i g n a l  d e p r e s s i o n  by 10-20%. 
b e h a v i o r  would be expected by t h e  e f f e c t  o f  t h e  law o f  mass a c t i o n  on  Reac t ions  6 
and 7 .  
fol lowed by a slower d e c r e a s e  as f low c o n t i n u e d .  
o n l y  p a r t i a l  recovery  o f  t h e  K+ s i g n a l  l e v e l  occur red .  
s i g n a l  d e p r e s s i o n  was observed upon a d d i t i o n  o f  H20(g). A b l a n k  r u n ,  w i t h  pure  
K co i n  t h e  g r a p h i t e  c e l l  a t  1000 K ,  e x h i b i t e d  measurable  p r e s s u r e s  o f  K(g) and 
c 8 ( g j ,  i n d i c a t i v e  o f  some i n t e r a c t i o n  between K2C0-, and t h e  c e l l .  q w e v e r ,  t h e  
a d d i t i o n  o f  H 2 0  o r  C 0 2  had no e f f e c t  on  l e v e l s  of CO+ and Hg. 
was depressed  by a b o u t  15% d u r i n g  %O f low,  b u t  r e t u r n e d  t o  t h e  same l e v e l  a f t e r  t h e  
f low was te rmina ted .  
by t h e  appearance of KOH+ i n  t h e  e f f u s a t e  a t  about  1% of t h e  i n t e n s i t y  o f  K'. 

was i n v e s t i g a t e d  i n  t h e  g r a p h i t e  Knudsen c e l l .  

Addi t ion  of  CO(g) 
This 

coz(g)  a d d i t i o n  r e s u l t e d  i n  immediate d e p r e s s i o n  o f  t h e  K+ l e v e l  by 10% 
When C 0 2  i n p u t  was d i s c o n t i n v e d ,  

A s i m i l a r  p a t t e r n  i n  K 

The K s i g n a l  l e v e l  

The d e p r e s s i o n  of K+ d u r i n g  H 2 0  f low is accounted f o r  in p a r t  
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A s  mentioned above,  KBr(g) was t h e  o n l y  K-containing vapor  s p e c i e s  de tec ted  
The a d d i t i o n  o f  H20 t O  t h e  Knudsen c e l l  o v e r  an admixture  of K B r  and Spheron-6. 

g r a d u a l l y  depressed  t h e  p r e s s u r e  o f  KBr(g); o v e r  a per iod  of  1800 s t h e  KBr+ s i g n a l  
dropped t o  50% o f  its i n i t i a l  v a l u e .  
peak ,  a s s o c i a t e d  wi th  K(g) by its appearance  p o t e n t i a l ,  appeared in t h e  mass 
spectrum and began t o  grow s t e a d i l y .  
t o  d e c r e a s e .  

A t  T = 945 K i n  t h e  presence  o f  H20, a K' 

Termina t ion  o f  t h e  H20 Supply caused t h i s  peak 

DISCUSSION 

Comparison of  t h e  e q u i l i b r i u m  p r e s s u r e s  o f  K(g) and Cs(g) over  t h e  r e s p e c t i v e  
c a r b o n a t e s  wi th  t h o s e  observed o v e r  admixtures  o f  t h e  c a r b o n a t e s  and Spheron-6 o r  
c h a r ,  i n d i c a t e s  t h a t  t h e r e  is a s t r o n g  chemical  i n t e r a c t i o n  between t h e  s a l t s  and 
t h e  carbon a t  e l e v a t e d  tempera ture .  This  i n t e r a c t i o n  is not s imply  carbothermic  
r e d u c t i o n  o f  t h e  s a l t ,  a s  evidenced by t h e  d i s p a r i t y  between t h e  c a l c u l a t e d  and t h e  
measured vapor p r e s s u r e s  of  K(g) ( F i g u r e s  1 and 2 ) .  It seems l i k e l y  t h a t ,  i n  the  
observed tempera ture  r a n g e ,  a d i s c r e t e  chemical  compound is formed w i t h  a thermo- 
dynamic a c t i v i t y  o f  t h e  a l k a l i  metal g r e a t e r  t h a n  t h a t  o f  t h e  c a r b o n a t e  b u t  
s u b s t a n t i a l l y  below t h a t  o f  t h e  pure  e lement .  'Ihe Knudsen c e l l  d a t a  g i v e  no d i r e c t  
c l u e  to t h e  s t r u c t u r e  o f  t h i s  s o l i d  o r  l i q u i d  phase,  b u t  t h e y  do s u g g e s t  t h a t  oxygen 
is a component because oxygen-containing gaseous  s p e c i e s  (CO and C02) are observed 
to  be i n  e q u i l i b r i u m  wi th  t h e  s u b s t a n c e .  The s u p p r e s s i o n  o f  t h e  p r e s s u r e  o f  
molecular  KBr(g) coupled w i t h  t h e  appearance  o f  K(g) o v e r  a KBr-Spheron admixture 
upon t h e  a d d i t i o n  o f  H20, is f u r t h e r  ev idence  o f  a n  e s s e n t i a l  r o l e  o f  oxygen i n  t h e  
format ion  o f  t h e  compound. 'Ihe clear X-ray d i f f r a c t i o n  p a t t e r n  obta ined  from the 
Cs2C03-Spheron sample t h a t  had been  heated under  vacuum is i n d i c a t i v e  o f  a 
c r y s t a l l i n e  m a t e r i a l .  'his p a t t e r n  could n o t  b e  a s s o c i a t e d  w i t h  a s p e c i f i c  chemical 
s t r u c t u r e ,  b u t  it was d e f i n i t e l y  not produced by Cs2CO3, C s O H ,  Cs20, nor by a CS- 
g r a p h i t e  i n t e r c a l a t i o n  compound. Such s t r u c t u r e s  have been sugges ted  a s  intermed- 
iates in t h e  a l k a l i - m e t a l  c a t a l y z e d  steam g a s i f i c a t i o n  o f  c o a l  c h a r s  ( 2 ) .  

A t  h i g h  tempera tures  i n  t h e  absence  of  a n  e x t e r n a l  source  o f  oxygen, t h e  a l k a l i  
metal Spheron admixtures  e x h i b i t  a g r a d u a l  loss o f  oxygen a s  evidenced by t h e  
d iminut ion  in CO and CO2 p a r t i a l  p r e s s u r e s  ( T a b l e s  2 and 3 ) .  Accompanying t h i s  
process ,  t h e  a l k a l i  meta l  p a r t i a l  p r e s s u r e s  i n c r e a s e  s l i g h t l y ,  i n d i c a t i v e  o f  a n  
i n c r e a s e  i n  a c t i v i t y  wi th  t h e  change in oxygen s t o i c h i o m e t r y .  An o p p o s i t e  change 
occurs  when t h e  mixture  is exposed t o  a n  o x i d i z i n g  g a s  (steam o r  CO2). 

Based on t h e s e  c o n s i d e r a t i o n s ,  w e  propose t h a t  t h e  chemical  s p e c i e s  formed by 
t h e  i n t e r a c t i o n  o f  a l k a l i  m e t a l  c a r b o n a t e s  and carbon a t  h igh  tempera tures  is a non- 
s t o i c h i o m e t r i c  ox ide  that c o n t a i n s  a n  e x c e s s  o f  t h e  metal a s  i o n s  and a l s o  i n  a 
d i s s o l v e d  s t a t e .  Meta l - r ich  Cs -0  compounds, wi th  s t o i c h i o m e t r i e s  cor responding  t o  
Cs4O and C S ~ O ,  have been c h a r a c t e r i z e d  as c r y s t a l l i n e  s o l i d s  a t  room ambient 
tempera tures  ( 6 ) .  A t  h igh  t e m p e r a t u r e s  t h e y  m e l t  into l i q u i d  phases  comprised of  a 
h igher  o x i d e  c o n t a i n i n g  excess C s  ( 7 ) .  I n f o r m a t i o n  on t h e  K-O sys tem is a v a i l a b l e  
o n l y  f o r  h i g h e r  oxygen s t o i c h i o m e t r i e s  (8) ,  b u t ,  by ana logy ,  we would e x p e c t  a l l  
a l k a l i  metal-oxygen sys tems t o  behave s i m i l a r l y .  

The r o l e  o f  t h e  a l k a l i  metal a d d i t i v e  a s  a g a s i f i c a t i o n  c a t a l y s t  is probably 
c r i t i c a l l y  dependent  on  t h e  f o r m a t i o n  and a c t i o n  of  such  a n  o x i d e  phase.  We suggest  
t h a t  dur ing  g a s i f i c a t i o n  t h e  c a t a l y s t  forms a l i q u i d  oxide  f i l m  d i s t r i b u t e d  over  t h e  
s u r f a c e  of  t h e  c h a r  o r  carbon.  (There is c o n s i d e r b l e  ev idence  that c a t a l y s t  mel t ing 
d o e s  occur  (10)). The composi t ion  o f  t h e  f i l m  is determined b y  a dynamic ba lance  
between a reducing  process  a t  t h e  carbon i n t e r f a c e  and a n  o x i d i z i n g  process  a t  the  
s u r f a c e  i n  c o n t a c t  wi th  t h e  gaseous  r e a c t a n t ,  H 0 o r  Co2. 
i n t e r f a c e .  t h e  a n i o n s  in t h e  c a t a l y s t  r e a c t  w i t f  t h e  carbon to form an i n t e r m e d i a t e ,  
such  a s  a phenola te  (11)  that s u b s e q u e n t l y  s p l i t s  o u t  CO. The a n i o n s  are 
r e p l e n i s h e d  by r e a c t i o n  between t h e  o x i d i z i n g  g a s  and t h e  o x i d e  a t  t h e  g a s / c a t a l y s t  

A t  t h e  c a t a l y s t / c h a r  



\ 

i n t e r f a c e .  
s p e c i e s  i n  t h e  molten c a t a l y s t  f i l m .  

N e t  t r a n s p o r t  of  oxygen from g a s  t o  carbon o c c u r s  by d i f f u s i o n  o f  t h e  

The presence o f  minera l  c o n s t i t u e n t s  ( t y p i c a l l y  S i02)  i n  most c o a l  c h a r s  
compl ica tes  t h i s  p i c t u r e  by provid ing  an a l t e r n a t i v e  r e a c t i o n  pa th  f o r  t h e  a l k a l i  
meta l  s a l t  a d d i t i v e s .  The i n t e r a c t i o n  o f  t h e s e  m i n e r a l s  w i t h  a n  a l k a l i  metal i s  
i l l u s t r a t e d  s t r i k i n g l y  i n  t h e  c a s e  o f  t h e  C s 2 C 0  -char  admixture .  The e q u i l i b r i u m  
p a r t i a l  p r e s s u r e  of  Cs(g)  over  t h i s  sample i s  s j g n i f i c a n t l y  lower than over  pure 
Cs2C03. 
t h e  case  i f  i t  were chemica l ly  combined i n  a v e r y  s t a b l e  compoud, such a s  t h e  
C s A l S i 0 4  d e t e c t e d  i n  t h e  X-ray p a t t e r n  o f  t h e  r e s i d u e .  However, t h e  low i n t e n s i t y  
o f  t h i s  p a t t e r n  cons idered  t o g e t h e r  wi th  t h e  v a r i a t i o n  i n  e q u i l i b r i u m  Cs(g) p r e s s u r e  
wi th  t h e  C s  conten t  o f  t h e  sample (F igure  2 ) ,  s u g g e s t s  t h a t  a l l  t h e  C s  i s  n o t  t i e d  
up a s  a d i s c r e t e  c r y s t a l l i n e  compound of f ixed  composi t ion .  It i s  more l i k e l y  t h a t  
t h e  C s  is d isso lved  i n  a n  amorphous minera l  g l a s s ,  i n  which i t s  a c t i v i t y  i s  a 
f u n c t i o n  of  i t s  c o n c e n t r a t i o n .  
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Table 1 

APPFARANCE POTENTIALS AND RELATIVE I N n N S I T I E S  OF 
IONS IN HASS SPEC'IRUII OF K2C03 

Tempera t"re Neutral Ir(AP + 3 eV)  
IO" AP(eV (K) PI-eCYTIOI a t  1153 K 

K- 4.3 0.3 1121 K 1035 

CO; 1 1 . 7  t 0.3 1121 co2 285 

c2co; 6.1 t 0 . 3  I153 K2CO3 0.3 

K 2 0 +  7.8 f 0 . 5  1068 K2CO3 2 .o 
K20+ 5.2 + 0.5 1153 K20 0.03= 

0; 11.9 i 0.3 1153 02 33 

a x e a s w e d  a t  A P  + 2 eV to elinfnate the f r a g m e n t  contribution f r o m  K2C03. 

Table 2 

PARTIAL PRESSURES OF CASEOUS SPECIES ABOVE 
K2CO3-CWR ADHIITURE AT VARIOUS EIPERAIVXES 

Partial Pressures (kea x LO") 
Temperature (K) K(*) CO(R) COv(8)  

720 0.001 0 . 5  0.06 
788 
871 
90 9 
952 
978 
875 

0.015 
0.19 
1.2 
5.17 
9.68 
0.63  

0.24 
1.9 
18. 
53.1 

1.5 

0.2 
1.56 
15.1 
2.41 

0.22 

Table 3 

PARTIAL PRESSURES OF GASEOUS SPECIES ABOVE 
CS2CO3-SPRERON-6 AUYIXTURES 

Partla1 Rensure (kPa x 10') 
Temperature (K) CS(C) CO(8) co?(a)  (CSOH(8) 

397 0 0 0.16 0 
421 0 0 8.01 0 
549 0 0 5.22 0 
727 0 0 18.4 0 
727 0 0 5 .3 0 

82 6 0.002 3.14 14.5 0 
857 0.002 3.00 4.42 0 
886 0.005 3.92 2.13 0 

935 0.065 9.35 1.43 0.001 
936 0.33 3.77 0.11 0.001 
936 0.31 1 .eo 0.09 0.001 
992 1.41 7.96 0 0.003 
1059 4 .98 15.50 0 0.005 

972 0.76 0.36 0 0.002 

729 (0. uo1 0.25 1.56 0 

8R6 0.014 1.73 0.36 0 

60 



\ 

c! 
7 

a! 
0 

": 
0 

v) w 
a 
3 

! 
a n 

U 
0 a. 

> 
Y 
0 
w 
t- d 

a 



EFFECTS OF CATALYSTS AND C02 GASIFICATION 
ON THE ESR OF CARBON BLACK. 11. 

Kenneth M .  S a n c i e r  

SRI I n t e r n a t i o n a l  
Menlo Park ,  CA 94025 

INTRODUCTION 

I n  a previous  paper ,  we  r e p o r t e d  some p r e l i m i n a r y  r e s u l t s  o f  a n  i n  s i t u  e s r  
s t u d y  of a K2C03-carbon b l a c k  mixture  a s  a f u n c t i o n  of  tempera ture  and steam gasi-  
f i c a t i o n . [ ' ]  We found that ( 1 )  h e a t i n g  t h e  mixture  i n  hel ium above 600 K produced 
i r r e v e r s i b l e  broadening of  t h e  esr l i n e ,  which d i d  not  occur  f o r  carbon b lack  
a l o n e ,  (2)  t h e  broadened l i n e  had a shape broader  than  h r e n t z i a n ,  and (3) under 
s team g a s i f i c a t i o n  c o n d i t i o n s ,  t h e  e s r  l i n e  wid th  decreased  i n  p r o p o r t i o n  to  the 
steam c o n c e n t r a t i o n .  

I n  t h e  p r e s e n t  paper ,  we r e p o r t  f u r t h e r  r e s u l t s  from i n  s i t u  esr s t u d i e s  of  
(1)  the  thermal  i n t e r a c t i o n  between carbon b l a c k  and v a r i o u s  sa l t s  and (2)  e f f e c t  
of  C02 g a s i f i c a t i o n  c o n d i t i o n s .  Also,  we used t h e  e s r  techniqueL2] t o  provide 
informat ion  on  changes i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  a sample t h a t  may r e l a t e  
t o  t h e  mechanisms o f  t h e  thermal  and g a s i f i c a t i o n  r e a c t i o n s .  

EXPERIMENTAL 

The s p e c i f i c a t i o n s  o f  t h e  carbon b l a c k  (Spheron-6, Cabot Corpora t ion)  and t h e  
esr a p p a r a t u s  have been d e s c r i b e d . [ ' ]  The samples  c o n s i s t e d  of a mixture  of 3 w t %  
carbon b l a c k  i n  a g i v e n  sa l t  t h a t  was mechanica l ly  ground w i t h  a mor ta r  and 
p e s t l e .  'Ihe o n l y  d i l u e n t  o f  t h e  carbon b l a c k  was a g i v e n  s a l t .  A l l  the  s a l t s  
were of  reagent  q u a l i t y .  The amount o f  sample mixture  examined by e s r  was ad- 
j u s t e d  so t h a t  a known mass o f  carbon b l a c k  w a s  p r e s e n t ,  between 3 and 6 mg. 

Carbon d i o x i d e  g a s i f i c a t i o n  was performed by using premixed g a s e s  conta in ing  
and 0, 4.1, 7.9, and 15.8 ~ 0 1 %  co2 in helium. A swi tch ing  v a l v e  was used t o  
select t h e  d e s i r e d  g a s  mixture  t o  f low over  t h e  sample i n  t h e  q u a r t z  r e a c t o r  
mounted in t h e  h igh  t e m p e r a t u r e  e s r  sample h e a t e r .  

The techniques  f o r  measuring changes i n  t h e  r e l a t i v e  e l e c t r i c a l  c o n d u c t i v i t y  
o f  a sample r e s u l t i n  from tempera ture  changes or  chemical  changes have been 
d e s c r i b e d  elsewhere.r2? B r i e f l y ,  a change i n  e l e c t r i c a l  c o n d u c t i v i t y  o f  a samp e 
is approximate ly  p r o p o r t i o n a l  to two e l e c t r i c a l  c o n d u c t i v i t y  parameters ,  A I p  
and A I D ,  that  can  be  measured d u r i n g  an esr measurement. Ip  is t h e  peak he ight  of 
t h e  resonance s i g n a l  of  a r e f e r e n c e  sample (0.1% p i t c h  i n  K C 1 ,  V a r i a n ) ,  which was 
s i t u a t e d  i n  t h e  a u x i l i a r y  c a v i t y  o f  a d u a l  r e c t a n g u l a r  c a v i t y  (TEloi); t h e  sample 
w a s  s i t u a t e d  i n  t h e  o t h e r  c a v i t y ,  which has  t h e  sample h e a t e r  a c c e s s o r y .  AI,' 
c a l c u l a t e d  from t h e  d i f f e r e n c e s  i n  t h e  v a l u e s  of  I,' r e f e r r i n g  t o  two d i f f e r e n t  
c o n d i t i o n s  of  t h e  sample,  e .g . ,  t empera ture .  ID is t h e  b i a s  c u r r e n t  of  t h e  
c r y s t a l  d i o d e  d e t e c t o r  o f  t h e  microwave b r i d g e ,  and A I D  is t h e  change i n  t h i s  
c u r r e n t  r e s u l t i n g  from a change i n  t h e  e lectr ical  c o n d u c t i v i t y  o f  t h e  sample. By 
connec t ing  a r e c o r d e r  t o  t h e  c r y s t a l  d i o d e  c u r r e n t  meter, i t  was p o s s i b l e  t o  
record A I D  a s  a f u n c t i o n  o f  time d u r i n g  g a s i f i c a t i o n  exper iments .  

-1 

The parameter  
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AI-' is s u i t a b l e  f o r  measuring r e l a t i v e l y  l a r g e  changes i n  e l e c t r i c a l  conduct i -  
v i e y ,  such a s  those  a r i s i n g  from h e a t i n g  a sample.  The parameter  AID is u s e f u l  
f o r  fo l lowing  smal le r  changes in t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  a sample, e - g . ,  
a r i s i n g  from a chemical  change a s s o c i a t e d  wi th  C 0 2  g a s i f i c a t i o n .  

Free r a d i c a l  c o n c e n t r a t i o n s  were measured by us ing  a computer t o  s t o r e  t h e  
e s r  d a t a  and to  c a l c u l a t e  t h e  f i r s t  moments o f  t h e  f i r s t  d e r i v a t i v e  c u r v e s .  The 
r e s u l t s  were normalized f o r  c a v i t y  s e n s i t i v i t y  using Ip,  g a i n ,  rf  modulat ion 
ampl i tude  s e t t i n g s  ( t y p i c a l l y  0.1 mT), and mass o f  carbon.  Microwave power i n c i -  
d e n t  on t h e  sample c a v i t y  was 1 mW. 

RESULTS 

F o r  convenience,  t h e  r e s u l t s  o f  t h e  i n  s i t u  esr measurements made on s e v e r a l  
thermal  e f f e c t s  and sa l t -carbon b lack  mixtures  w i l l  be  s u b d i v i d e d x o  two p a r t s :  

CO2 g a s i f i c a t i o n  e f f e c t s .  

Before each s e r i e s  o f  e s r  measurements w i t h  a g iven  sample, oxygen was 
desorbed from t h e  carbon by h e a t i n g  t h e  sample in t h e  esr r e a c t o r  c e l l  a t  about  
500 K f o r  5 min whi le  helium flowed through t h e  c e l l .  The v a l u e  o f  t h e  esr l i n e  
width measured a t  room tempera ture  was about  7.0 mT (70 gauss)  b e f o r e  t h e  d e s o r p -  
t i o n  and about  0.15 mT a f t e r  t h e  d e s o r p t i o n .  The esr l i n e  was symmetric f o r  a l l  
t h e  sa l t -carbon b l a c k  mixtures .  

Various samples  were t e s t e d  f o r  microwave power s a t u r a t i o n ,  and none was 
d e t e c t e d  f o r  sample tempera tures  examined i n  t h e  range from 290 t o  800 K and f o r  
microwave power l e v e l s  i n c i d e n t  o n  t h e  sample in t h e  range o f  0.1 t o  40 MW; t h e  
upper  va lue  was l i m i t e d  by t h e  e lec t r ica l  c o n d u c t i v i t y  o f  t h e  samples .  

Thermal E f f e c t s  

The thermal  i n t e r a c t i o n  between a sa l t  and carbon b l a c k  heated i n  helium were 
i n v e s t i g a t e d  by s tudying  a series of  potassium ha l ide-carbon b l a c k  m i x t u r e s .  
Alkali metal h a l i d e s  are less a c t i v e  c a t a l y s t s  than  K2CO f o r  g a s i f i c a t i o n  o f  
carbonaceous m a t e r i a l s .  f 3 s 4 ]  For comparison,  a K 2 C 0 3  c a d o n  b l a c k  mixture  was 
inc luded .  Also  included was a mixture  o f  carbon b l a c k  wi th  CaO which is expected 
t o  be a r e l a t i v e l y  poor g a s i f i c a t i o n  ~ a t a l y s t [ ~ * ~ ]  and has  r e l a t i v e l y  low 
e l e c t r i c a l  c o n d u c t i v i t y  a t  e l e v a t e d  tempera tures .  Hence, t h e  CaO s e r v e s  as a 
d i l u e n t  t o  d e c r e a s e  microwave s k i n  d e p t h  e f f e c t s  so t h a t  t h e  esr p r o p e r t i e s  o f  
carbon b l a c k  a l o n e  can b e  s t u d i e d .  

To de te rmine  t h e  e f f e c t s  o f  h e a t i n g  t h e  m i x t u r e s  i n  helium we measured t h r e e  
esr parameters  s imul taneous ly :  v a r i a t i o n s  i n  t h e  f r e e  r a d i c a l  c o n c e n t r a t i o n ,  l i n e  
wid th ,  and AI;'. Measurements were made a t  s u c c e s s i v e l y  h i g h e r  tempera tures  
( F i g u r e s  l a  and Za) ,  b u t  b e f o r e  p r o g r e s s i o n  t o  each  next  h igher  t e m p e r a t u r e ,  a 
measurement was made a t  290 K ( F i g u r e s  l b  and 2b) .  

The f r e e  r a d i c a l  c o n c e n t r a t i o n s  uncorrec ted  f o r  C u r i e ' s  l a w  were e s s e n t i a l l y  
independent  of b o t h  t h e  measurement tempera ture  and t h e  type  o f  s a l t ,  w i t h i n  t h e  
accuracy  o f  these  measurements The v a l u e s  of  Ip, which were used t o  normal ize  t h e  
f r e e  r a d i c a l  c o n c e n t r a t i o n s  f o r  changes in c a v i t y  s e n s i t i v i t y ,  v a r i e d  by a f a c t o r  
o f  about  10 over  t h e  tempera ture  range  s t u d i e d ,  i n d i c a t i n g  t h e  importance o f  such 
a c o r r e c t i o n .  
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The esr l i n e  width began t o  i n c r e a s e  a t  t empera tures  above 850 K ,  and the  
magnitude of  t h e  i n c r e a s e  was s t r o n g l y  dependent  on t h e  an ion  o f  t h e  s a l t  (Figure 
l a ) .  When t h e  sample was cooled t o  room tempera ture  t h e  l i n e  wid th  decreased .  h 
i r r e v e r s i b l e  e f f e c t  is e v i d e n t  by t h e  f a c t  t h a t  a s i g n i f i c a n t  f r a c t i o n  o f  t h e  l i n e  
broadening produced a t  h i g h e r  t e m p e r a t u r e s  was r e t a i n e d  upon c o o l i n g  the  samples 
(compare F i g u r e s  la and l b ) .  I n  g e n e r a l ,  t h e  e f f e c t  on l i n e  wid th  and t h e  magni- 
t u d e  o f  t h e  i r r e v e r s i b l e  e f f e c t s  f o r  t h e  s a l t s  decreased  in t h e  fo l lowing  order :  

K B r  - K C 1  - K I  > K2C03 = KF > CaO. 

The e l e c t r i c a l  c o n d u c t i v i t y  parameter ,  AI;', g e n e r a l l y  increased  wi th  heat ing 
tempera ture ,  and wi th  few e x c e p t i o n s  was almost  independent  o f  t h e  t y p e  of s a l t  
mixed wi th  carbon b l a c k  ( F i g u r e  2 a ) .  The r e s u l t s  of  t h e  measurements a t  290 K ,  
a f t e r  c o o l i n g  from a g i v e n  h i g h e r  tempera ture ,  a l s o  i n d i c a t e  t h a t  an i r r e v e r s i b l e  
i n c r e a s e  in t h e  e l e c t r i c a l  c o n d u c t i v i t y  f o r  some salts  had been produced thermally 
(compare F igures  2a and 2 b ) .  Measurements on tm sa l t s ,  K 2 C 0 3  o r  K C 1 ,  in t h e  
absence of  c a r b o n  b l a c k  show t h a t  t h e  AI;' parameter  has  a very  small temperature  
dependence,  i n c r e a s i n g  l e s s  t h a n  10% a s  t h e  tempera ture  was r a i s e d  from 300 t o  
1200 K .  

Comparison o f  F i g u r e s  1 and 2 s u g g e s t s  t h a t  t h e r e  is a q u a l i t a t i v e  s i m i l a r i t y  
in t h e  way t h e  h e a t i n g  tempera ture  a f f e c t s  t h e  two parameters  l i n e  width 
and AI;'. r e l a t i o n s h i p  between l i n e  wid th  and AI- '  is shown in 
Figure  3 ,  which is a r e p l o t  o f  t h e  r e s u l t s  in F i g u r e s  la and 2a. d e  c u r v e s  drawn 
in Figure  3 i n d i c a t e  t h a t  l i n e  wid th  has  a monotonic r e l a t i o n s h i p  t o  AI;'> bu t  
t h a t  the  f u n c t i o n a l  dependence may b e  d i f f e r e n t  f o r  d i f f e r e n t  sa l t s .  

CO, G a s i f i c a t i o n  E f f e c t s  

A test  o f  t h e  

A t  e l e v a t e d  tempera tures  when He g a s  pass ing  over  a sample w a s  switched t o  He 
c o n t a i n i n g  C 0 2  (15.8%),  t h e  l i n e  wid th  decreased  and t h e  f r e e  r a d i c a l  concen- 
t r a t i o n  increased  a s  shown in F i g u r e s  4 and 5,  r e s p e c t i v e l y .  Before the C02 
g a s i f i c a t i o n  measurements, t h e  sample was t h e r m a l l y  e q u i l i b r a t e d  a t  a g i v e n  tem- 
p e r a t u r e  f o r  about  20 m i n .  However, t h e  l i n e  wid th  and f r e e  r a d i c a l  c o n c e n t r a t i o n  
cont inued t o  change s lowly ,  probably  t h e  r e s u l t  o f  s low i r r e v e r s i b l e  changes 
caused by C02 a s  d i s c u s s e d  above .  Therefore .  t o  s e p a r a t e  the  s low thermal  changes 
from t h e  r a p i d  changes produced by CO we switched t h e  g a s  f lowing over t h e  
sample a t  a g i v e n  t e m p e r a t u r e ,  800 o r  %50 K ,  back  and f o r t h  between He and He 
c o n t a i n i n g  cop. The sequence o f  t h e  measurements is i n d i c a t e d  by t h e  numbers 
b e s i d e  the  d a t a  points in F i g u r e s  4 and 5. These r e s u l t s  show that C02 had a 
g r e a t e r  e f f e c t  a t  t h e  h i g h e r  tempera ture  f o r  b o t h  l i n e  width and f r e e  r a d i c a l  
c o n c e n t r a t i o n .  Also, a t  a g i v e n  t e m p e r a t u r e  t h e  magnitude o f  t h e  e f f e c t  tended t o  
become l i m i t e d  a t  c o n c e n t r a t i o n s  o f  C02  g r e a t e r  t h a n  about  4%; e.g., see t h e  l i n e  
wid th  dependence a t  850 K in F i g u r e  4 .  'Ibis behavior  is probably due t o  a 
d i f f u s i o n - l i m i t e d  process .  

It  was o f  i n t e r e s t  t o  d e t e r m i n e  whether  COP g a s i f i c a t i o n  c o n d i t i o n s  a l t e r e d  
t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  sample, b u t  t h e  e lectr ical  c o n d u c t i v i t y  para- 
m e t e r ,  AI;', e x h i b i t e d  a v e r y  small and almost  i m p e r c e p t i b l e  response .  Therefore ,  
t h e  more s e n s i t i v e  e l e c t r i c a l  c o n d u c t i v i t y  parameter ,  A I D  , w a s  used.  The 
recorded v a l u e  o f  A I  is shown in F i g u r e  6,  which shows t h e  changes that occurred D a s  t h e  g a s  pass ing  over  t h e  sample at 855 K was switched between He and 15.8 % C02 
in He. Although t h e  sample was i n i t i a l l y  in He t h e  p o s i t i v e  s l o p e  o f  A I D  in- 
d i c a t e s  t h a t  t h e  sample was not s t a b l e  a l though i t  had been t h e r m a l l y  e q u i l i -  
b r a t e d .  However, it is clear from t h e  r e c o r d i n g  t h a t  C02 caused t h e  va lue  of  A I D  
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t o  d e c r e a s e  ( e l e c t r i c a l  c o n d u c t i v i t y  d e c r e a s e )  and t h a t  subsequent  exposure  t o  He 
caused t h e  va lue  of  AID t o  i n c r e a s e .  

The observed v a l u e s  o f  t h e  l i n e  wid th  are  marked in F i g u r e  6 a t  t h r e e  p o i n t s  
in time. The r e s u l t s  show t h a t  t h e  l i n e  wid th  changed r e v e r s i b l y  when t h e  sample 

I was a l t e r n a t e l y  exposed t o  He and C 0 2 .  Also, t h e  d e c r e a s e  i n  l i n e  wid th  cor re-  
l a t e s  wi th  t h e  d e c r e a s e  in t h e  e l e c t r i c a l  c o n d u c t i v i t y  of  t h e  sample,  a s  was t h e  

I c a s e  in t h e  s tudy o f  thermal  e f f e c t s  d i s c u s s e d  e a r l i e r .  

When carbon b l a c k  a l o n e  and m i x t u r e s  o f  carbon b l a c k  w i t h  t h e  potassium 
h a l i d e s  o r  with CaO were exposed t o  Cog g a s i f i c a t i o n  c o n d i t i o n s  a t  850 K,  very  
smal l  o r  no changes were observed to  occur  in l i n e  wid th ,  f r e e  r a d i c a l  concen- 
t r a t i o n ,  o r  in e l e c t r i c a l  c o n d u c t i v i t y  ( A I  ) .  

The c o r r e l a t i o n  between an i n c r e a s e  in t h e  v a l u e  o f  AI and a n  in rease in 
e l e c t r i c a l  c o n d u c t i v i t y  was e s t a b l i s h e d  by not ing  that  b o t h \ I D  and AI: changed 
in t h e  same way f o r  l a r g e  enough changes i n  e l e c t r i c a l  c o n d u c t i v i t y ,  e .g . ,  a s  
produced by a n  i n c r e a s e  o f  sample tempera ture .  

D 

DISCUSSION 

In t h e  prev ious  paper[’] some s u g g e s t i o n s  were made t o  account  f o r  t h o s e  
, changes occurr ing  in t h e  esr s p e c t r a  due t o  a thermal  i n t e r a c t i o n  between carbon 

b l a c k  and K CO and due  t o  steam g a s i f i c a t i o n .  The a d d i t i o n a l  e x p e r i m e n t a l  i n f o r -  -, mat ion  obtaZnea in t h e  p r e s e n t  esr s t u d y ,  p e r t a i n i n g  t o  v a r i o u s  o t h e r  sa l t s  and a 
s t u d y  of  Co2 g a s i f i c a t i o n ,  provides  a b r o a d e r  b a s i s  f o r  i n t e r p r e t i n g  t h e  mecha- ’\ nisms o f  t h e  thermal  and g a s i f i c a t i o n  r e a c t i o n s .  

Thermal E f f e c t s  

! Two mechanisms were s u g g e s t e d [ l ]  t o  account  f o r  t h e  e s r  l i n e  broadening r e s u l t i n g  
from h e a t i n g  a mixture  o f  sa l t  and carbon b lack:  (1) i n c r e a s e d  e l e c t r i c a l  con- 

\, d u c t i v i t y  and ( 2 )  unreso lved  h y p e r f i n e  s p l i t t i n g  ( h f s )  due t o  a n  i n t e r a c t i o n  
between t h e  magnet ic  moment o f  t h e  unpaired e l e c t r o n  and t h a t  o f  t h e  n u c l e u s  o f  
t h e  c a t i o n  o f  t h e  s a l t .  The c u r r e n t  r e s u l t s  sugges t  t h a t  t h e  i n c r e a s e  in l i n e  
width is r e l a t e d  t o  t h e  i n c r e a s e  in t h e  e lectr ical  c o n d u c t i v i t y  because  o f  t h e  
observed p r o p o r t i o n a l i t y  between t h e  l i n e  width and t h e  change in the  e l e c t r i c a l  
c o n d u c t i v i t y  parameter  f o r  a s e r i e s  o f  s a l t - c a r b o n  b l a c k  m i x t u r e s  heated t o  var -  
ious t empera tures  ( F i g u r e  3 ) .  In the  fo l lowing  d i s c u s s i o n ,  t h e  r e l a t i o n s h i p  
between t h e s e  two parameters  is examined in d e t a i l .  

We p o s t u l a t e  that some s o r t  o f  complex is formed between c e r t a i n  salts  and 
carbon b l a c k  t o  account  f o r  t h e  i n c r e a s e  i n  t h e  e lec t r ica l  c o n d u c t i v i t y  and esr 
l i n e  wid th  r e s u l t i n g  from h e a t i n g  m i x t u r e s  o f  s a l t s  and carbon b l a c k  be ing  
s i g n i f i c a n t l y  g r e a t e r  than  t h e  i n c r e a s e  when t h e  i n d i v i d u a l  components a r e  
h e a t e d .  Genera l ly ,  a n  i n c r e a s e  i n  e l e c t r i c a l  c o n d u c t i v i t y  is due  t o  a n  i n c r e a s e  
i n  t h e  c o n c e n t r a t i o n  o r  m o b i l i t y  o f  t h e  charge  c a r r i e r s .  S ince  t h e  f r e e  r a d i c a l  
c o n c e n t r a t i o n  of  t h e  s a l t - c a r b o n  b l a c k  m i x t u r e s  was i n s e n s i t i v e  t o  tempera ture ,  i t  
a p p e a r s  that charge carriers (conduct ion  e l e c t r o n s  o r  h o l e s )  a r e  mainly respon- 
s i b l e  f o r  t h e  observed esr s i g n a l ,  whereas  n - e l e c t r o n s  would obey C u r i e ’ s  law. If 
t h e  esr measurements d e t e c t  a l l  t h e  charge  carriers,  t h e n  t h e  observed i n c r e a s e  of  
t h e  e l e c t r i c a l  c o n d u c t i v i t y  wi th  i n c r e a s e  in temperatue is due  mainly t o  an 
i n c r e a s e  in charge  carr ier  m o b i l i t y .  
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We propose a s e r i e s  o f  r e a c t i o n s  t o  account  f o r  t h e  e f f e c t  o f  t h e  e l e c t r o n i c  
p r o p e r t i e s  o f  t h e  s o l i d .  F i r s t ,  e l e m e n t a l  meta l  a toms are produced by carbon 
r e d u c t i o n  of t h e  c a t i o n  o f  t h e  sa l t  (e .g . ,  k ) ; 1 6 ]  Second, a n  extended aromatic  
s t r u c t u r e  d e v e l o p s  by loss o f  hydrogen and polymer iza t ion  o f  t h e  carbonaceous 
 material,['^*] and t h i s  po lymer iza t ion  could p o s s i b l y  be  c a t a l y z e d  by a s a l t  o r  a 
metal atom. Thi rd ,  a complex is formed between a n  a r o m a t i c  s t r u c t u r e  and t h e  ions 
or atoms of t h e  s a l t .  For  example, s u c h  a complex could i n v o l v e  m e t a l  ions o r  
atoms which (1)  s u b s t i t u t e  f o r  t h e  hydrogens of  CH o r  OH groups  o f  t h e  aromatic  
s t r u c t u r e , [ 9 ]  ( 2 )  i n t e r a c t  e l e c t r o s t a t i c a l l y  wi,th t h e  r r -orb i ta l s  o f  t h e  extended 
aromat ic  s t r u c t u r e , [ l O ]  o r  (3 )  form a kind o f  i n t e r c a l a t i o n  compound wi th  t h e  
a v a i l a b l e  g r a p h i t e - l i k e  s t r u c t u r e s ,  a l t h o u g h  such compounds are u s u a l l y  not  
expected to be s t a b l e  a t  g a s i f i c a t i o n  t e m p e r a t u r e s .  

For most sa l t s  s t u d i e d ,  t h e  changes i n  t h e  esr parameters  are  l a r g e l y  i r r e -  
v e r s i b l e ,  i n d i c a t i n g  t h a t  t h e  s a l t - c a r b o n  b l a c k  complex is s t a b l e .  The g r e a t e r  
e f f e c t s  produced by t h e  a l k a l i  m e t a l  s a l t s  than  by CaO o r  A1203[1] are probably 
due to t h e  g r e a t e r  e a s e  w i t h  which carbon c a n  reduce  t h e  a l k a l i  m e t a l  c a t i o n s .  

Based on t h e  c o n c e p t s  sugges ted  above, w e  propose that  t h e  observed l i n e  
broadening r e s u l t s  from r e l a x a t i o n  e f f e c t s  that occur  i n  t h e  s a l t - c a r b o n  b lack  
complex when t h e  unpaired e l e c t r o n s  observed by esr e x p e r i e n c e  t h e  inhomogeneous 
f i e l d s  developed n e a r  t h e  s i tes  a t  which a sa l t  (e .g . ,  t h e  m e t a l  atom O K  c a t i o n  
and the  a n i o n )  i n t e r a c t s  w i t h  t h e  a romat ic  carbon s t r u c t u r e .  S ince  these  s i t e s  
a r e  nonuniformly d i s t r i b u t e d ,  t h e  unpaired e l e c t r o n s  i n  a conduct ion  band o r  in 

I r -orb ' i ta ls  e x p e r i e n c e  d i f f e r e n t  envi ronments ,  r e s u l t i n g  i n  inhomogeneous broa- 
dening o f  t h e  esr l i n e .  The observed l i n e  shape ,  which is broader  than 
Lorentz ian ,  probably r e s u l t s  from a s u p e r p o s i t i o n  of  t w o  o r  more Lorentz ian  l i n e s  
r e p r e s e n t i n g  d i f f e r e n t  envi ronments .  

1 

G a s i f i c a t i o n  E f f e c t s  
I 

G a s i f i c a t i o n  b y  e i t h e r  steam['] o r  COP o f  a s a l t - c a r b o n  b l a c k  sample r e s u l t s  

l i n e  wid th ,  a d e c r e a s e  i n  t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  and a n  i n c r e a s e  i n  t h e  f r e e  
r a d i c a l  c o n c e n t r a t i o n .  T h e r e f o r e ,  it a p p e a r s  that  a s i n g l e  mechanism could 
account  f o r  t h e  changes i n  t h e  esr s p e c t r a  that occur  d u r i n g  g a s i f i c a t i o n  condi- I 
t i o n s .  

i n  t h e  same q u a l i t a t i v e  changes i n  t h e  t h r e e  esr parameters :  a d e c r e a s e  i n  t h e  I ,  

We sugges t  that steam o r  CO2 r e a c t s  wi th  t h e  sa l t -carbon complex and frag- 
ments carbon-carbon bonds o f  a r o m a t i c  r i n g s .  As a r e s u l t ,  t h e  unpai red  e l e c t r o n s  
w i l l  exper ience  a decreased  resonance  p a t h  and l e s s  i n t e r a c t i o n  w i t h  t h e  atoms o r  
ions o f  t h e  salt  that were a s s o c i a t e d  w i t h  t h e  a r o m a t i c  r i n g  b e f o r e  fragmenta- 
t i o n .  In o t h e r  words, t h e  unpai red  e l e c t r o n  will exper ience  fewer r e g i o n s  with 
inhomogeneous f i e l d s ,  and t h e r e f o r e  t h e  esr l i n e  width should d e c r e a s e .  

Also as a r e s u l t  of t h e  f r a g m e n t a t i o n  o f  t h e  a r o m a t i c  r i n g s  t h e  s t e a d y - s t a t e  
c o n c e n t r a t i o n  o f  f r e e  r a d i c a l s  w i l l  be i n c r e a s e d .  Although t h e s e  f r e e  r a d i c a l s  
a r e  probably u n s t a b l e  and w i l l  react w i t h  COP o r  polymerize to produce a more 
s t a b l e  s t r u c t u r e ,  o t h e r  r a d i c a l s  w i l l  be produced c o n t i n u o u s l y  by t h e  g a s i f i c a t i o n  
r e a c t i o n .  

The i n  s i t u  esr r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  f o r  a s a l t  t o  promote c a t a l y t i c  
g a s i f i c a t i o n ,  b o t h  t h e  c a t i o n  and a n i o n  o f  a sa l t  must i n t e r a c t  wi th  t h e  carbon 
s t r u c t u r e .  That is, swi tch ing  t o  C02 g a s i f i c a t i o n  c o n d i t i o n s  caused changes i n  



t h e  esr parameters o n l y  f o r  sa l t s  w i t h  c a t a l y t i c  a c t i v i t y ,  e - g . ,  s a l t s  w i t h  a n  
a l k a l i  meta l  c a t i o n  and a non-halide an ion .  E v i d e n t l y ,  t h e  c h a r a c t e r  o f  t h e  salt-  
carbon complex de termines  c a t a l y t i c  a c t i v i t y .  

However, t h e  changes i n  t h e  esr parameters  produced b y  thermal  e f f e c t s  d o  not  
appear  t o  c o r r e l a t e  wi th  t h e  c a t a l y t i c  a c t i v i t y  of  t h e  sa l t s .  For  example, l a r g e  
i n c r e a s e s  i n  b o t h  l i n e  wid th  and electrical  c o n d u c t i v i t y  occurred  upon h e a t i n g  
m i x t u r e s  of  carbon b l a c k  wi th  e i t h e r  o f  two s a l t s ,  K2CO3 o r  K C 1 ,  which have widely 
d i f f e r e n t  c a t a l y t i c  a c t i v i t i e s .  

TO e l u c i d a t e  t h e  mechanism of c a t a l y t i c  g a s i f i c a t i o n ,  we p l a n  t o  c o n s i d e r  t h e  
informat ion  developed by esr along wi th  t ha t  obta ined  b y  o t h e r  t e c h n i q u e s  b e i n g  
pursued i n  our  l a b o r a t o r y .  
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CONTROLLED ATMOSPHERE ELECTRON MICROSCOPY STUDY OF THE 
K2CO3 - CATALYZED GRAPHITE - H20 REACTION 

C. A. Mims, R. T. K. Baker, J. J. Ch ludz insk i ,  

Exxon Research and Eng ineer ing  Co. 
P.O. Box 45, Linden, NJ 07036 

and 

J. K. Pabst 

Exxon Research and Eng ineer ing  Co. 
P.O. Box 4255, Baytown, TX 77520 

Cont ro l  l e d  atmosphere e l e c t r o n  microscopy has p rov ided  unique 
i n s i g h t  i n t o  t h e  d e t a i l s  o f  t h e  mode o f  c a t a l y t i c  a t t a c k  o f  carbons by 
r e a c t i v e  gases (1). Many o f  t h e  systems i n v e s t i g a t e d  show g r a p h i t e  
g a s i f i c a t i o n  t o  occur a t  t h e  i n t e r f a c e s  between d i s c r e t e  c a t a l y s t  p a r t i c l e s  
and edges o f  t h e  g r a p h i t e  l a y e r  planes. 
t h e  fo rma t ion  o f  channels th rough t h e  g r a p h i t e  sheets. 
Mo ( 2 ) )  d i s p l a y  inc reased tendency t o  wet t h e  r e a c t i v e  g r a p h i t e  su r face  and 
t h e r e f o r e  e x h i b i t  a s t ronger  i n t e r a c t i o n .  

o f  carbon and have been e x t e n s i v e l y  s tud ied .  Several  i n v e s t i g a t o r s  have 
p rov ided  evidence t h a t  potassium s a l t s  r e a c t  r e a d i l y  w i t h  t h e  carbon subs t ra te  
t o  form sur face  s a l t  complexes (3).  We undertook t h i s  s tudy  i n  p a r t  t o  see i f  
t h e  morphology o f  K2CO3 - ca ta l yzed  a t t a c k  would r e f l e c t  t h i s  s t r o n g  su r face  
bonding. 

EXPERIMENTAL METHOD 

Graph i te  i s  removed i n  these cases by 
Some c a t a l y s t s  (e.g. 

A l k a l i  s a l t s  a r e  perhaps t h e  bes t  known c a t a l y s t s  f o r  g a s i f i c a t i o n  

A l l  exper iments were performed i n  t h e  c o n t r o l l e d  atmosphere 
microscope (4). 
hea t ing  stages and impregnated by a f i n e  m i s t  o f  0.1% K2C03 s o l u t i o n .  Water 
vapor was admi t ted  t o  t h e  c o n t r o l l e d  atmosphere c e l l  f rom a wet argon 
stream. The behav io r  was mon i to red  as t h e  sample was taken by steps th rough 
hea t ing  and c o o l i n g  cyc les  t o  temperatures as h i g h  as 800°C. 
temperatures than t h i s  were avoided t o  min imize  t h e  amount o f  c a t a l y s t  
vapor i za t i on .  Several  success fu l  runs  on d i f f e r e n t  samples make up t h e  data 
base. 

Pure, t h i n  specimens o f  Ticonderoga g r a p h i t e  were mounted on 

Higher 
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RESULTS 

I n i t i a l  hea t ing  c y c l e  i n  H30 

We paused f o r  s u f f i c i e n t  t i m e  (15 min)  a t  each tempera ture  du r ing  
t h e  i n i t i a l  hea t ing  program t o  d e t e c t  s low changes i n  t h e  specimen and 
c a t a l y s t  morphology. 
t h e  ga the r ing  o f  p a r t i c l e s  o f  K2C0 on t h e  edge o f  t h e  specimen (see F igu re  
l a ) .  The p a r t i c l e s  g e n e r a l l y  had T i q u i d - l i k e  shapes w i t h  con tac t  angles 
suges t i ve  o f  a t t r a c t i v e  ( w e t t i n g )  i n t e r a c t i o n .  When t h e  tempera ture  was 
r a i s e d  above 550°C t h e  p a r t i c l e s  s low ly ,  o r  more r a p i d l y  a t  h ighe r  
temperature,  d isappeared from t h e  g r a p h i t e  edge. The sequence o f  photographs 
i n  F igu re  1 shows t h i s  occur rence over t h e  span o f  approx imate ly  2 minutes a t  
670OC. 
was shown by t h e  subsequent g a s i f i c a t i o n  behav io r  o f  t h e  g raph i te .  There fore  
we b e l i e v e  t h a t  t h e  disappearance o f  t h e  p a r t i c l e s  r e f l e c t s  spreading o f  t he  
s a l t  t o  a t h i n  f i l m  on t h e  g r a p h i t e  su r face  r a t h e r  than evapora t ion .  

Up t o  tempera tures  o f  550°C t h e  on ly  change n o t i c e d  was 

That c a t a l y s t  remained on t h e  specimen a f t e r  t h e  p a r t i c l e s  disappeared 

Onset o f  g a s i f i c a t i o n  

Almost s imu l taneous ly  w i t h  t h e  disappearance o f  t h e  c a t a l y s t  
p a r t i c l e s ,  a t t a c k  o f  t h e  edges o f  t h e  g r a p h i t e  specimen became ev iden t .  
edges began reced ing  a t  many p laces  a long  t h e  e n t i r e  edge, a t  f i r s t  showing as 
a s e r i e s  o f  i r r e g u l a r  notches. Soon t h e  notches took  on a hexagona l ly  
f a c e t t e d  appearance (see F igu re  2). 
t o o  slow t o  be r e a d i l y  apparent i n  r e a l  t i m e  bu t  inc reased w i t h  i n c r e a s i n g  
temperature.  The r a t e s  were much f a s t e r  than t h e  uncata lyzed r a t e  a t  t h e  same 
cond i t i ons ,  r e f l e c t i n g  t h e  f a c t  t h a t  c a t a l y s t  had remained on t h e  sample. The 
edge recess ion  e v e n t u a l l y  i n v o l v e d  t h e  e n t i r e  specimen edge w i t h  hexagonal 
f a c e t i n g  th roughout .  

We analyzed f i l m s  o f  t h e  exper imenta l  runs t o  d e r i v e  r a t e s  o f  edge 
recession. React ive  edges e x h i b i t  a rep roduc ib le  and c h a r a c t e r i s t i c  recess ion  
r a t e  which i s  general  f o r  a l l  f e a t u r e s  on a g i ven  sample. These r a t e s  f o r  one 
run  a re  p l o t t e d  i n  F igu re  3. Data a re  shown f o r  bo th  i nc reas ing  temperature 
sequence and decreasing tempera ture  sequence. We observed no h y s t e r e s i s  i n  
t h e  ra tes  f o r  a complete c y c l e  o f  temperature.  

D I SCUSS I ON 

The 

The r a t e  o f  edge recess ion  a t  550°C was 

The morphology o f  t h e  K2CO3 c a t a l y s t  d u r i n g  g a s i f i c a t i o n  i s  s t r i k i n g  
c o n f i r m a t i o n  o f  s t rong  i n t e r a c t i o n  betwen t h e  c a t a l y s t  and t h e  edges o f  t h e  
g r a p h i t e  l a t t i c e .  The i n t e r f a c i a l  bonding i s  s t r o n g  enough t o  compete w i t h  
t h e  cohesive bonding w i t h i n  t h e  b u l k  s a l t  and e f f e c t i v e l y  d i spe rse  t h e  
c a t a l y s t  a long t h e  a c t i v e  edge. 
analogs have been i d e n t i f i e d  on l e s s  ordered carbons impregnated w i t h  a l k a l i  
c a t a l y s t s  and quenched from g a s i f i c a t i o n  c o n d i t i o n s  (3c) .  These su r face  s a l t s  
a r e  though t o  be respons ib le  f o r  t h e  h i g h  d i s p e r s i o n  o f  a l k a l i  c a t a l y s t s  on 
carbons such as coal  char  and a l s o  e x p l a i n  t h e  r e p r o d u c i b i l i t y  o f  t h e  
c a t a l y t i c  e f f e c t  o f  potassium s a l t s  on these m a t e r i a l s .  

Sur face  s a l t s  groups such as phenoxide 
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Hexagonal f a c e t i n g  of t he  g a s i f y i n g  g r a p h i t e  edge r e f l e c t s  a 
p r e f e r e n t i a l  r e a c t i o n  o f  one c r y s t a l l o g r a p h i c  o r i e n t a t i o n  over  another.  J. M. 
Thomas e x p l o i t e d  t h i s  f e a t u r e  very e l e g a n t l y  i n  o p t i c a l  microscopy (5).  
face ts  i n  t h i s  s tudy  a re  a l i g n e d  p a r a l l e l  t o  t h e  <1120> se t  of c r y s t a l  
d i r e c t i o n s .  
w i t h  respec t  t o  t w i n  bands a long t h e  <1010> d i r e c t i o n  which a r e  u s u a l l y  
Present i n  g r a p h i t e  specimens. 
The K2CO3 ca ta l yzed  r e a c t i o n  thus  exposes t h e  " z i g  zag" p r e s e n t a t i o n  
Of t h e  surface. T h i s  o r i e n t a t i o n  must be l e s s  r e a c t i v e  than  o t h e r  
o r i e n t a t i o n s ,  f o r  example t h e  "a rmcha i r "  o r  - 
conf igu ra t i on .  Th is  i s  perhaps no t  s u r p r i s i n g  
presents  one uncondensed carbon atom pe r  r i n g  exposed a t  t h e  edge whereas t h e  
<1010> o r i e n t a t i o n  presents  two uncondensed carbons toge the r .  
might a p r i o r i  be expected t o  be the  more r e a c t i v e  and would e x p l a i n  t h e  
r e s u l t s  ob ta ined here. 
p i t s  i n  t h e  graph i te -02  r e a c t i o n  on r e a c t i o n  cond i t i ons .  

The a c t i v a t i o n  energy de r i ved  f rom t h e  edge recess ion  data (35 
k c a l h o l )  i s  lower than t h a t  observed by McKee and C h a t t e r j i  f o r  K2C03,0n 
g r a p h i t e  (52.2 kcal /mol (6 ) ) .  D i r e c t  comparison i s  d i f f i c u l t  because i n  
n e i t h e r  study i s  t h e  reac tan t  gas compos i t ion  ( p a r t i c u l a r l y  t h e  H2 p a r t i a l  
p ressure)  we1 1 charac ter ized .  Furthermore very  d i f f e r e n t  p ressures  were used 
i n  t h e  two s tud ies .  

CONCLUSIONS 

The 

Th is  can be determined by n o t i n g  t h e  o r i e n t a t i o n  o f  t h e  f a c e t s  

One such t w i n  boundary appears i n  F igu re  2. 

The l a t t e r  

Thomas d i d  see a dependence o f  t h e  o r i e n t a t i o n  o f  e t c h  

We have seen mic roscop ic  evidence o f  s t r o n g  i n t e r a c t i o n  between 
potassium c a t a l y s t  and t h e  r e a c t i v e  edges o f  g raph i te .  
thought  t o  be d r i v e n  by t h e  fo rma t ion  o f  su r face  s a l t  bonds. The spreading o f  
t h e  c a t a l y s t  which r e s u l t s  from t h i s  s t r o n g  i n t e r a c t i o n  p rov ides  h i g h  
d i s p e r s i o n  and e f f i c i e n t  use o f  t h e  c a t a l y s t .  The hexagonal f a c e t t i n g  
p rov ides  a d d i t i o n a l  i n s i g h t  i n t o  t h e  r e a c t i v i t y  o f  proposed su r face  ensembles. 

Th is  i n t e r a c t i o n  i s  
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Figure 3. Arrhenius plot o f  catalyzed edge recession rates  measured on a 
s ingle  graphite sample. 
Data for ascending and descending temperature sequence are  shown a t  
several temperatures 

Data points a re  the average o f  many features. 
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Low TEMPERATURE METHANE PRODUCTION BY THE CATALYZED REACTION OF 

GRAPHITE AND WATER VAPOR 

F.DelannY, 2. T Tysoe, G .  Yee, R .  Casanova, H .  ileineman and G' 

M a t e r i a l s  6 Molecular  Research D i v i s i o n  
Lawrence Berkeley Labora tory  

and 
Department of Chemistry 
U n i v e r s i t y  of C a l i f o r n i a  

Berkeley,  C a l i f o r n i a  94720 

The g a s i f i c a t i o n  of carbon ( c o a l )  by r e a c t i o n  w i t h  w a t e r  vapor  is u s u a l l y  con- 
ducted a t  a temperature  h i g h e r  than  1200K. 
v a t i o n  energy of t h e  Order of  50 kcal /mole.  
a l k a l i  meta ls ,  e s p e c i a l l y  potassium [1,2]. 
products  are CO and Hg, accord ing  t o  t h e  r e a c t i o n  

This r e a c t i o n  e x h i b i t s  an apparent  a c t i -  
I t  is c a t a l y z e d  by v a r i o u s  s a l t s  o f  

A t  t h e s e  h i g h  tempera tures ,  t h e  main 

C + H20 ----> H2 + CO 

The s imul taneous  product ion  of CH4 has a l s o  been r e p o r t e d  131 e s p e c i a l l y  when t h e  
r e a c t i o n  temperature  is lowered.  The r e l a t i v e l y  h i g h  tempera ture  would, however, 
f a c i l i t a t e  t h e  decomposi t ion of most hydrocarbons t h a t  could  have been produced.  

Our r e s e a r c h  is focussed  on f i n d i n g  s u i t a b l e  c a t a l y s t s  f o r  t h e  low tempera ture  
product ion  of low molecular  weight  hydrocarbons from t h e  r e a c t i o n  of carbon ( c o a l )  
w i t h  water vapor. 
carbonate  and s e v e r a l  o t h e r  a l k a l i  metal hydroxides  c a t a l y z e  t h e  product ion  of methane 
i n  t h e  temperature  range from 500 t o  600K w i t h  an apparent  a c t i v a t i o n  energy of about 
11 kcal /mole [41. 
t i o n ,  t h i s  s tudy  has  been extended by 

It has  been r e p o r t e d  r e c e n t l y  t h a t  po tass ium hydroxide ,  potassium 

In Order t o  g a i n  more i n s i g h t  i n t o  t h e  mechanism of t h i s  produc- 

i) us ing  two d i f f e r e n t  r e a c t o r s  t o  accomodate e i t h e r  g r a p h i t e  s i n g l e  c r y s t a l s  
O r  g r a p h i t e  powder, 

ii) extending  t h e  tempera ture  range up t o  1075K, 

iii) vary ing  of t h e  r e a c t o r  vapor  p r e s s u r e ,  and 

i v )  i n v e s t i g a t i n g  o t h e r  c a t a l y s t s :  calcium o x i d e  and t r a n s i t i o n  metals. 

Graphi te  s i n g l e  c r y s t a l s  were obta ined  by c leavage  from a l a r g e r  p i e c e  of h i g h l y  
o r i e n t e d  p y r o l y t i c  g r a p h i t e  (HOPG) from Union Carbide  C o r p o r a t i o n .  
on t h e  manipula tor  of  a UHV system, in f i r m  c o n t a c t  w i t h  a gold f o i l  t h a t  could  be 
hea ted  r e s i s t i v e l y .  
s p u t t e r  c l e a n i n g  and mass spectrometry.  
p r e s s u r e  c e l l  where i t  was exposed t o  w a t e r  vapor and/or  o t h e r  g a s e s  f o r  chemical  
r e a c t i o n .  The products  were ana lyzed  by g a s  chromatography. 
been d e s c r i b e d  i n  more d e t a i l  e l sewhere  [4]. 

They were mounted 

The sample was a c c e s s i b l e  t o  s u r f a c e  a n a l y s i s  by AES, XPS, ion 
It could  a l s o  be i s o l a t e d  w i t h i n  a h i g h  

T h i s  a p p a r a t u s  has  

*On l e a v e  from t h e  Groupe d e  Physicachimie Minera le  e t  de C a t a l y s e ,  U n i v e r s i t e  
Cathol ique  d e  Lauvoin, Belgium. 
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Pure g r a p h i t e  powders were r e a c t e d  w i t h  w a t e r  i n  a f i x e d  bed r e a c t o r  made of a 
q u a r t z  tube 4 min. I D  c o n t a i n i n g  about  0.4 g of sample f i x e d  between two g l a s s  wool 
p lugs .  A c a r r i e r  gas  ( u s u a l l y  n i t r o g e n )  was s a t u r a t e d  w i t h  water  vapor by bubbling 
through a water  c o n t a i n e r  where t h e  tempera ture  could  be a d j u s t e d  from 30°C t o  95°C 
i n  o r d e r  t o  vary  t h e  water vapor  p r e s s u r e .  The f low r a t e  could be v a r i e d  between 
4 and 20 ml/min. A t  t h e  o u t l e t  of t h e  r e a c t o r ,  t h e  water vapor was condensed i n  a 
copper c o i l  main ta ined  a t  t h e  m e l t i n g  ice tempera ture .  Care was taken to avoid the  
condensat ion of water  i n  o t h e r  p a r t s  of t h e  a p p a r a t u s .  The products  were analyzed 
by gas chromatography. 

The potassium hydroxide c a t a l y z e d  r e a c t i o n  was s t u d i e d  from 525  t o  1075K under 
a water  vapor  p r e s s u r e  ranging  from 20 t o  600 t o r r .  The product ion  of methane exhi-  
b i t e d  t h e  same apparent  a c t i v a t i o n  energy  of  about  12 kcal /mole w i t h i n  t h e  whole tem- 
p e r a t u r e  range. T h i s  s u g g e s t s  t h a t  t h e  c a t a l y t i c  mechanism involved  remains the same 
a t  high temperature  and has  no r e l a t i o n  t o  t h e  ( s imul taneous ly  o c c u r r i n g )  reac t ion  
( 1 ) .  The methane product ion  appeared  a l s o  t o  he f i r s t  o r d e r  wi th  r e s p e c t  t o  the water  
vapor p r e s s u r e .  

Calcium oxide  was a l s o  t r i e d  as c a t a l y s t  i n  t h e  temperature  range 623-873K [ 5 ] .  
S i n g l e  c r y s t a l  g r a p h i t e  samples  were impregnated w i t h  1M s o l u t i o n  of C a ( N 0 3 ) ~  and 
d r i e d  i n  a i r .  CaO was obta ined  from t h e  decomposi t ion of C a ( N 0 3 ) ~  a t  t h e  temperature  
of t h e  r e a c t i o n .  No methane was d e t e c t e d  when t h e  sample was exposed only  t o  22 t o r r  
of H20 and 730 t o r r  of hel ium. XPS a n a l y s i s  showed, however, t h e  appearance of a new 
peak a t  a b inding  energy of 290 e V .  Methane was r e a d i l y  d e t e c t e d  when t h e  sample was 
subsequent ly  exposed t o  1 atm Hp a t  t h e  same tempera ture .  The i n t e n s i t y  of the peak 
a t  290 e V  decreased s i m u l t a n e o u s l y  w i t h  i n c r e a s i n g  t i m e  of r e a c t i o n  w i t h  hydrogen. 
We t e n t a t i v e l y  a t t r i b u t e  t h i s  peak t o  a new form of a c t i v e  carbon t h a t  is hydrogenated 
t o  CH4 by H 2 .  
sample i n  a mixture  of 22 t o r r  of  H20 and 32 t o r r  of  H2. 
e n t  a c t i v a t i o n  energy  of 16.3 kca l /mole  and e x h i b i t e d  a f i r s t  o r d e r  dependence on 
t h e  hydrogen p r e s s u r e .  

A s t e a d y  r a t e  of p r o d u c t i o n  of  methane was obta ined  when r e a c t i n g  t h e  
This r e a c t i o n  had an appar- 

A l k a l i  and calcium c a t a l y s t s  d o  n o t  produce o r g a n i c  molecules  o t h e r  than  methane 
under o u r  exper imenta l  c o n d i t i o n s .  s t u d i e s  are now i n  progress  t o  de termine  if the 
combination of t h e s e  c a t a l y s t s  w i t h  t r a n s i t i o n  meta l  compounds could be u t i l i z e d  t o  
produce h i g h e r  molecular  weight  hydrocarhons.  

T h i s  work is suppor ted  by t h e  D i r e c t o r ,  O f f i c e  of Energy Research,  O f f i c e  of 
Bas ic  Energy S c i e n c e s ,  Mater ia l s /Chemica l  " c i e n c e s  D i v i s i o n  of t h e  U.S. Department 
of Energy under Cont rac t  DE-AC03-76SF00098. 
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CHARACTERIZATION OF COAL MACERALS ON THE BASIS OF THEIR FLUORESCENT SPECTRA 

John C. Crelling" and David F. Bensley** 

"Department of Geology, Southern Illinois University at Carbondale, Carbondale, 
Illinois, 62901 
**Coal Research Section, The Pennsylvania State University, University Park, 
Pennsylvania, 16802 

INTRODUCTION 

One of the major problems of coal science is that very little is known about 
the basic properties of the various macerals that make up coal. Two of the main 
reasons for this lack of knowledge about the properties of coal macerals is that 
they are extremely difficult to separate from coal and that they are non-crys- 
talline organic compounds and, therefore, not good subjects to analyze with such 
standard methods as x-ray diffraction or electron-microprobe analysis. 
the most successful characterization of coal macerals to date has been by petro- 
graphic methods, in which the individual macerals do not have to be separated. In 
the steel industry, for example, petrographic techniques have proven so successful 
in allowing the prediction of the coking properties of coal that most major steel 
companies have now established petrographic laboratories. Another petrographic 
technique that has only recently been applied to coal analysis is qualitative and 
quantitative fluorescence microscopy. With this technique, the visible fluorescent 
light excited from the macerals reveals shapes, textures and colors not visible in 
normal white-light viewing. The technique also yields quantitative spectra that 
are characteristic of both the individual maceral type and the rank of the coal. 
It is now also well esrablished that all of the liptinite macerals (derived from 
the resinous and waxy parts of plants) and some of the vitrinite macerals will 
fluoresce, and that some recently discovered liptinite macerals can only be 
identified by their fluorescence properties. Some of the first measurements of 
the absolute intensity of fluorescence of coal macerals at specific wavelengths 
were made by Jacob (1,Z). 
of modern plant materials, peats and coals have been reported by van Gijzel (3,4,5) 
Teichmuller (6,7,8) described three new members of the liptinite group of macerals 
in part by demonstrating their distinctive spectral properties. Ottenjann, 
Teichmuller and Wolf (9) illustrated the correlation of changes in fluorescence 
spectra of sporinite with rank, and Crelling and others (10) and Crelling (11) 
have demonstrated the use of fluorescence spectra to discriminate macerals. In 
addition, Ottenjann, Wolf, and Wolff-Fischer (12) have been able to relate the 
fluorescence spectra of vitrinite macerals to the technological properties of 
coal. 
in the study of liptinite and vitrinite macerals. 

Some of 

Relative intensity measurements of fluorescent spectra 

These studies have shown the potential of using fluorescence measurements 

EQUIPMENT AND METHODS 

The fluorescence microscopy system used in the SIUC Coal Characterization 
Laboratory is a Leitz MPV I1 reflectance microscope which is fitted with a 100 
watt mercury arc lamp, a Ploem illuminator and a Leitz oil immersion 40X objective 
with a 1.3 numerical aperture. For spectral measurements the light from the 
mercury arc passes through a UG1 ultra-violet filter to a TK400 dichroic mirror 
which reflects light less than 400 nm to the sample. The fluorescent light excited 
from the sample is passed through a 430 nm barrier filter to a motorized inter- 
ference wedge in front of the photometer. The interference wedge controls the 
wavelength of the fluorescent light hitting the photometer so that the intensity 
variations from 430 to 700 nm can be scanned and recorded in about 40 seconds. 
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The s p e c t r a l  d a t a  are then  f e d  i n t o  a computer from t h e  microscope system and 
d i g i t i z e d ,  c o r r e c t e d  and ana lyzed .  Each spectrum is c o r r e c t e d  f o r  t h e  e f f e c t s  of 
background f l u o r e s c e n c e  and f o r  t h e  e f f e c t s  of  t h e  microscope system, e s p e c i a l l y  
t h e  s e n s i t i v i t y  of t h e  p h o t o - m u l t i p l i e r  tube ,  fo l lowing  c o r r e c t i o n  procedures  
descr ibed  by van G i j z e l  ( 1 3 ) .  For  comparison t h e  v a r i o u s  s p e c t r a  a r e  normalized 
and reduced t o  a number of  p a r a m e t e r s  such  as: 1) t h e  wavelength of  maximum 
i n t e n s i t y  peak (Xmax); 2 )  t h e  r e d / g r e e n  q u o t i e n t  (Q) where Q = r e l a t i v e  i n t e n s i t y  
a t  650 n m / r e l a t i v e  i n t e n s i t y  a t  500 nm; 3 )  t h e  a r e a  below Xmax; 4 )  t h e  area above 
Xmax; 5 )  a r e a  b l u e  ( 4 3 0  t o  500  nm); 6 )  a r e a  green  (500  t o  570 nm); 7 )  a r e a  yellow 
(570  t o  630 nm); and 8) area r e d  (630  t o  700 nm). 

RESULTS AND DISCUSSION 

In c o a l s  of t h e  I l l i n o i s  Bas in ,  s t a n d a r d  w h i t e - l i g h t  p e t r o g r a p h i c  methods 
g e n e r a l l y  r e v e a l  t h r e e  t y p e s  of  l i p t i n i t e  macera ls ,  r e s i n i t e ,  s p o r i n i t e  and 
c u t i n i t e .  These  macera ls  are i d e n t i f i e d  on t h e  b a s i s  of t h e i r  p e t r o g r a p h i c  pro- 
p e r t i e s  such as  r e f l e c t a n c e ,  s i z e ,  shape and t e x t u r e .  When q u a l i t a t i v e  f l u o -  
rescence  a n a l y s i s  i s  used ,  t h e  f l u o r e s c e n c e  c o l o r s  and i n t e n s i t y  commonly r e v e a l  
an a d d i t i o n a l  macera l ,  f l u o r i n i t e .  When f l u o r e s c e n c e  s p e c t r a l  a n a l y s i s  i s  used, 
t h e  s p e c t r a l  d a t a  d i s t i n g u i s h  t h e s e  f o u r  t y p e s  of  l i p t i n i t e  macerals p l u s  addi-  
t i o n a l  v a r i e t i e s  of r e s i n i t e ,  s p o r i n i t e  and c u t i n i t e .  Also ,  a l t e r e d  or weathered 
v a r i e t i e s  of t h e s e  macerals c a n  be  d i s t i n g u i s h e d  i n  some c o a l s .  For example, 
s p e c t r a l  a n a l y s i s  of t h e  v a r i o u s  l i p t i n i t e  macerals i n  samples of t h e  Herr in  (No. 
6 )  coal  seam w i t h  a r e f l e c t a n c e  of  0.65% ( i n  o i l  a t  546 nm) showed d i s t i n c t i v e  
s p e c t r a  f o r  t h e  macerals f l u o r i n i t e ,  r e s i n i t e ,  s p o r i n i t e  and c u t i n i t e .  I n  t h i s  I 

c a s e ,  t h e  s p e c t r a  were a s s i g n e d  t o  maceral  g roups  on t h e  b a s i s  of t h e  pe t rographic  
i d e n t i f i c a t i o n  of macera ls  f rom which t h e  s p e c t r a  were obta ined .  When t h e  groups 
of s p e c t r a l  d a t a  f o r  each  m a c e r a l  type  were s u b j e c t e d  t o  d i s c r i m i n a n t  f u n c t i o n  1 

a n a l y s i s  of t h e  e i g h t  d i f f e r e n t  parameters  f o r  each spec t rum,  t h e  maceral  types  
w e r e  w e l l  s e p a r a t e d .  From t h i s  a n a l y s i s  it w a s  e a s i l y  seen  t h a t  t h e r e  were two I 

d i f f e r e n t  groups  of r e s i n i t e  macera ls .  
s p e c t r a l  parameters  of t h e  macerals revea led  two v a r i e t i e s  of t h e  r e s i n i t e  maceral 

average s p e c t r a  of t h e  v a r i o u s  macera l  t y p e s  d i s t i n g u i s h e d  by t h e  d i s c r i m i n a n t  
f u n c t i o n  a n a l y s i s  are p l o t t e d  i n  F i g u r e  1. The combined r e s u l t s  of  maceral 
a n a l y s e s  i n  b o t h  w h i t e - l i g h t  and  f l u o r e s c e n t  l i g h t  as w e l l  a s  t h e  r e f l e c t a n c e  
v a l u e  for t h e  H e r r i n  (No. 6 )  c o a l  a r e  g iven  i n  Table  1. 

Thus, t h e  s ta t i s t ica l  a n a l y s i s  of t h e  
I 

group t h a t  could  n o t  b e  r e a d i l y  d i s t i n g u i s h e d  by normal p e t r o g r a p h i c  means. The I '  

Table  1. 

RESULTS OF COMBINED WHITE-LIGHT 
AND FLUORESCENT LIGHT PETROGRAPHIC ANALYSES 

Coal  Seam H e r r i n  (No. 6)  B r a z i l  Block 

Ref lec tance  ( i n  o i l  

V i t r i n i t e  
P s e u d o v i t r i n i t e  
F l u o r i n i t e  
R e s i n i  t e  
S p o r i n i t e  
C u t i n i t e  
Amorphous L i p t i n i t e  
Semi- fus in i te  
F u s i n i  t e  
M i c r i n i  t e 

a t  546 nm) 0.65  
6 5 . 1  
19 .8  

0 .3 
0.1 
3.0 
0.4 
1.8 
5.7 
2 . 1  
1 .7  

0 .58  
56.3 

8.7 
0.2 
0.7 

1 4 . 1  
2 .0  
4 .2  
4 .9  
3.4 
5.5 

Hiawatha 

0.52 
73.7 

7 . 8  
0 
6 .9  
0.5 
0.8 
1.0 
4 .2  
1 .3  
3.8 
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In a study on the fluorescence properties of the Brazil Block seam, a some- 
what different approach was used. 
were taken on all fluorescing liptinite macerals. 
which the spectra were taken were not identified at that time, photomicrographs 
in both normal white-light and fluorescent light were taken for documentation. 
The spectral parameters for each spectrum were calculated and these data were 
subjected to cluster analysis to generate groupings of spectra on the basis of the 
spectral parameters. When these groups were identified they were subjected to 
discriminant function analysis to test degree to which the groups could be sepa- 
rated on the basis of their spectral parameters. It was found that seven groups 
could be distinguished. 
seam are given in Table 1 and $he average spectral parameters for each group are 
given in Table 2. When the macerals from which the spectra were taken were 
identified from the photomicrographs, it was found that each group corresponded to 
a separate maceral type or a variety of a maceral type. 
fluorinite, one type of resinite, three types of sporinite and two types of 
cutinite. While this correspondence of  maceral types and varieties to statistical 
groupings of spectral data was not unexpected, it is further confirmation that the 
spectral parameters of macerals are unique to maceral type and variety. 

In this case, about a hundred individual spectra 
Although the macerals from 

The basic petrographic data for the Brazil Block coal 

There was one type of 

Table 2. 

SPECTRAL PARAMETERS OF AVERAGE SPECTRA 
OF THE BRAZIL BLOCK COAL SEAM 

Parameter 

Peak (nm) 
Red/Green Quotient 
Area Blue ( X )  
Area Green ( X )  
Area Yellow ( X )  
Area Red ( X )  
Area Left of Peak ( X )  
Area Right of Peak ( X )  

Sporinite 
Fluorinite Resinite I I1 I11 

480 520 550 590 690 

37 19 16 14 13 
38 43 36 34 31 
15 23 25 28 26 
10 15 23 24 30 
21 33 40 53 93 
79 67 60 47 7 

0.32 0.58 0.85 1.00 1.22 

Cutinite 
I I1 

610 650 

12 7 
32 29 
28 29 
28 35 
59 60 
41 40 

1.47 2.27 

An interesting result of this analysis is that one of the sporinite varieties 
and one of the cutinite varieties distinguished by statistical means showed 
petrographic evidence of alteration (weathering). Because the coal sample itself 
was collected from a fresh exposure at an active mine, it appears as if the 
weathered maceral varieties were weathered before they were incorporated into the 
peat that was later coalified. 

The results of these two studies show that fluorescence spectral analysis can 
distinguish on a quantitative basis the various types of liptinite macerals and, 
indeed, even varieties of each type. That the various spectra are unique to the 
individual macerals is further indicated by the recurrent order of the spectral 
parameters, especially the wavelength of maximum intensity (Xmax) and the red/ 
green quotient in any given coal. 
(No. 6) seam and in Table 2 for the Brazil Block seam the order of the maceral 
types on the basis of increasing Xmax and Q is fluorinite, resinite, sporinite and 
cutinite. It should be noted, however, that as the rank of coal increases, all of 
the spectral peaks shift toward longer wavelengths and diminish in intensity and 
are thus difficult or impossible to distinguish from each other. 
the macerals has a similar effect. 

For example, as shown in Figure 1 for the Herrin 
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However, even when m a c e r a l s  have been a l t e r e d  by i n c r e a s e s  i n  rank ,  o r  Weathering, 
o r  o t h e r  p r o c e s s e s ,  f l u o r e s c e n c e  microscopy c a n  sometimes s t i l l  be q u i t e  u s e f u l  i n  
c h a r a c t e r i z i n g  c o a l  macera ls .  F o r  example, i n  some c o a l  seams i n  t h e  wes tern  U.S. 
t h e r e  i s  a n  abundance of  r e s i n i t e .  I n  f a c t ,  t h e  r e s i n i t e  i s  be ing  e x t r a c t e d  from 
some of t h e s e  c o a l s  and commercial ly  e x p l o i t e d  as  a chemical  raw material. I n  
t h e s e  seams t h e  r e s i n i t e  most o f t e n  o c c u r s  as  a secondary material ,  f i l l i n g  
f i s s u r e s  and v o i d s  i n  t h e  c o a l .  Numerous f l o w  t e x t u r e s ,  i n c l u s i o n s  of c o a l  i n  
res ini te  v e i n l e t s ,  and i n t r u s i v e  r e l a t i o n s h i p s  throughout  c o a l  seams i n d i c a t e  t h a t  
the r e s i n i t e  was mobi l ized  a t  s o m e  p o i n t  i n  i t s  h i s t o r y .  These secondary r e s i n i t e s  
are o f t e n  d i f f i c u l t  t o  d e t e c t  i n  normal w h i t e - l i g h t  viewing,  however, they a l l  tend 
t o  f l u o r e s c e  s t r o n g l y  i n  a v a r i e t y  of c o l o r s  and a r e  t h e r e f o r e ,  q u i t e  amenable t o  
f l u o r e s c e n c e  a n a l y s i s .  
f o u r  t y p e s  of secondary  r e s i n i t e s ,  each wi th  a d i f f e r e n t  f l u o r e s c e n c e  c o l o r  -- green,  
yel low,  orange ,  red-brown -- a r e  seen .  Each t y p e  h a s  a s p e c t r a  t h a t  i s  d i s t i n c t i v e  
and the  v a r i o u s  t y p e s  can  a l s o  b e  s t a t i s t i c a l l y  s e p a r a t e d  on t h e  b a s i s  of t h e i r  
s p e c t r a l  parameters .  The a v e r a g e  s p e c t r a  of  t h e  f o u r  r e s i n i t e  t y p e s  are shown i n  
F igure  2 and t h e  b a s i c  p e t r o g r a p h i c  a n a l y s i s  of  t h e  sample from t h e  Hiawatha seam 
i s  given i n  Table  1. 
t h e  v a r i o u s  t y p e s  of secondary  r e s i n i t e  i s  w i t h  f l u o r e s c e n c e  microscopy. Work is 
now underway t o  s e p a r a t e  t h e s e  v a r i o u s  r e s i n i t e  t y p e s  and chemica l ly  c h a r a c t e r i z e  
them. 

When samples  of  t h e  Hiawatha seam from Utah a r e  so  examined, 

It should  b e  noted t h a t  a t  t h i s  t ime t h e  only  way t o  d i s t i g u i s h  

SUMMARY 

Although t h e  c h a r a c t e r i z a t i o n  of c o a l  macerals on t h e  b a s i s  of t h e i r  f l u o -  
rescence  s p e c t r a l  i s  a r e c e n t  i n n o v a t i o n ,  i t  h a s  a l r e a d y  proven t o  be an e x c e l l e n t  
f i n g e r p r i n t i n g  t o o l  f o r  t h e  v a r i o u s  macerals .  I n  some c a s e s ,  it is  even more 
s e n s i t i v e  t h a n  normal p e t r o g r a p h i c  a n a l y s i s .  The i n i t i a l  r e s u l t s  of f l u o r e s c e n c e  
s p e c t r a l  s t u d i e s  show t h a t  t h e  v a r i o u s  f l u o r e s c e n t  macera ls  i n  s i n g l e  c o a l s  can be 
s t a t i s t i c a l l y  s e p a r a t e d  on t h e  b a s i s  o f  t h e i r  s p e c t r a l  parameters  and t h a t  even 
v a r i e t i e s  of one t y p e  of macera l  c a n  be s o  s e p a r a t e d .  
a t  t h i s  t i m e  are r a t h e r  broad and n o t  s u i t a b l e  f o r  chemical  s t r u c t u r e  a n a l y s i s ,  t h e  
p o t e n t i a l  f o r  s t r u c t u r a l  a n a l y s i s  e x i s t  and may be r e a l i z e d  w i t h  improvements i n  
ins t rumknta t  ion .  

Although t h e  s p e c t r a  obta ined  
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Figure 1. Average fluorescence spectrum for VariouD rna~era18 in rhe Herrin (No. 6 )  coal  seam: 
I )  fluorinite: 2 )  low-peaking r e s i n i r e :  3 )  high-peaking re8 in i t e ;  4) sporinice:  
5 )  c u c i n i t e .  V i f r i n i f e  reflectance of the seam 1s 0.652. 
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Figure 2 .  Avernpr fluorescence spectra  o f  resinlte mnrernls i n  the Hlawntha Seam. 
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I n t r o d u c t i o n  

p a r t i c l e s .  
potass ium bromide d i s k s  (1) or  s l u r r y i n g  them i n  a hydrocarbon o i l  such as N u j o l  
(2) .  
and o t h e r  macerals which a r e  d e r i v e d  f rom d i f f e r e n t  p l a n t s  (such as t r e e s ,  bushes, 
and grasses) and from v a r i o u s  p a r t s  o f  each p l a n t  (such as t runks ,  stems, r o o t s ,  
leaves,  e t c ) .  In a d d i t i o n ,  i n o r g a n i c  substances o f  va r ious  t ypes  and degrees o f  
d i s p e r s i o n  a re  g e n e r a l l y  mixed i n .  
v a r i o u s  o rgan ic  p l a n t  remnants a r e  l i k e l y  t o  have d i f f e r e n t  phys icochemical  
c h a r a c t e r i s t i c s ;  however, because o f  t h e  i n t i m a t e  m i x i n g  o f  these subcomponents, 
which u s u a l l y  occurs on a m ic roscop ic  sca le ,  i t  i s  d i f f i c u l t  t o  separa te l y  
c h a r a c t e r i z e  the  d i f f e r e n t  maceral components. I n  p a r t i c u l a r ,  I R  spec t ra  ob ta ined  
on p u l v e r i z e d  coal samples g i v e  averaged i n f o r m a t i o n  r a t h e r  than  be ing  
c h a r a c t e r i s t i c  o f  any i n d i v i d u a l  component i n  t h e  coal. 
u t i l i z e d  i n  t h e  past  t o  overcome t h i s  problem. 
macerals ( 3 , 4 ) ,  s i n k - f l o a t  techniques,  and t h e  r e c e n t l y  developed method o f  
c e n t r i f u g a l  separa t i on  o f  ve ry  f i n e l y  p u l v e r i z e d  coal  (5) .  These p r e p a r a t i o n  
techniques p rov ide  a m i x t u r e  o f  m a t e r i a l  which i s  h i g h l y  en r i ched  i n  a s e l e c t e d  
maceral type. These maceral concen t ra tes  can then  be analyzed by a v a r i e t y  o f  
chemical procedures. The averaged p r o p e r t i e s  o f  a maceral can be c h a r a c t e r i z e d  
u s i n g  these  procedures, b u t  t hey  do no t  enable t h e  I R  a n a l y s i s  o f  i n d i v i d u a l  
microscope maceral s. 

The p a r t i c u l a t e  samples o f  coa l  used f o r  i n f r a r e d  a n a l y s i s  must be f i n e l y  
ground because o f  t h e  h i g h  absorbance o f  t h e  coa l .  The p a r t i c l e s  must be l e s s  than  
rough ly  20 micrometers t h i c k  (depending on t h e  rank )  f o r  s u b s t a n t i a l  t ransmiss ion  o f  
t h e  I R  r a d i a t i o n  i n  t h e  more absorb ing reg ions  of t h e  spectrum. The smal l  p a r t i c l e s  
o f  coal  cause cons ide rab le  s c a t t e r i n g  t o  appear i n  t h e  I R  spectrum. Other  
comp l i ca t i ons  are t h e  d i f f e r e n c e s  i n  t h e  th i cknesses  o f  t h e  v a r i o u s  p a r t i c l e s  o f  t h e  
sample, and t h e  v a r i a t i o n s  i n  th i ckness  a long  each p a r t i c l e .  Fo r  example, t h e  
t h i n n e r  edges ( w i t h  respec t  t o  t h e  i l l u m i n a t i n g  beam) o f  t h e  p a r t i c l e s  w i l l  be more 
t r a n s p a r e n t  t han  t h e  c e n t r a l  reg ions,  so t h e  volume o f  t h e  p a r t i c l e s  may not  be 
sampled un i fo rm ly .  Th is  can be a problem f o r  a heterogeneous m a t e r i a l  such as 
coal .  T h i n  s e c t i o n  samples o f  coa l  hav ing  a r e l a t i v e l y  u n i f o r m  t h i c k n e s s  of 20 
micrometers o r  l e s s  have been used o c c a s s i o n a l l y  i n  t h e  past  (6 ) .  However, t h e  
d i f f i c u l t i e s  i n  p r e p a r i n g  these t h i n  s e c t i o n  samples and problems o f  con tamina t ion  
w i t h  t h e  adhesives used i n  t h e  p r e p a r a t i o n  of t h e  sec t i ons  ( 7 )  has l i m i t e d  t h e i r  
usage. A lso,  becairse t h e  cross s e c t i o n a l  area o f  t h e  samples must be severa l  square 
m i l l i m e t e r s  or more f o r  a n a l y s i s  w i t h  most I R  spect rometers,  m ic roscop ic  components 
o f  t h e  t h i n  sec t i ons  can no t  be i n d i v i d u a l l y  analyzed. 

I n  t h i s  paper a techn ique  f o r  t h e  I R  spec t roscop ic  a n a l y s i s  o f  i n d i v i d u a l  
m ic roscop ic  components i n  coal i s  described. 
f o r  p r e p a r i n g  uncontaminated t h i n  s e c t i o n  specimens o f  coal  w i t h  a s e n s i t i v e  IR 
microspect rophotometer  which has r e c e n t l y  become commerc ia l ly  a v a i l a b l e .  D e t a i l s  of 
t h i s  new technique a r e  d iscussed and some r e p r e s e n t a t i v e  spec t ra  a re  descr ibed.  

Most I R  ( i n f r a r e d )  spect roscopy o f  coal  i n v o l v e s  t h e  use o f  f i n e l y  crushed 
Techniques i n  common use i n c l u d e  i n c o r p o r a t i n g  t h e  p a r t i c l e s  i n  

Such p a r t i c u l a t e  samples g e n e r a l l y  i n c l u d e  a wide range o f  t ypes  o f  v i t r i n i t e  

Because o f  t h e i r  d i f f e r e n t  d e r i v a t i o n s ,  t h e  

A few techniques have been 
These i n c l u d e  t h e  hand separa t i on  o f  

T h i s  method combines new procedures 
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Experiment a 1 

The coa l  used i n  t h i s  s tudy  was I l l i n o i s  No. 6 which i s  a h i g h  v o l a t i l e  C 
b i tuminous coal .  To prepare t h i n  sec t i ons ,  a chunk o f  coal about  1.5 cm across was 
c u t  pe rpend icu la r  t o  t h e  bedding p l a n  t o  produce a rough ly  f l a t  sur face.  
su r face  was ground smooth on a 20 cm d iameter  wheel u s i n g  600 g r i t  and then  8 
micrometer  s i l i c o n  c a r b i d e  on d i sks .  The f l a t  sur face was cemented t o  a g lass  s l i d e  
w i t h  a t h e r m o p l a s t i c  hydrocarbon-based adhesive (Parap las t ,  manufactured by t h e  
Lancer Company) which i s  s o l u b l e  i n  hexane. A temperature o f  about 70°C was used i n  
m e l t i n g  and a p p l y i n g  t h e  adhesive. The coal  was exposed t o  t h i s  temperature f o r  
o n l y  about a m inu te  b e f o r e  c o o l i n g  was s ta r ted .  The coa l  on t h e  s l i d e  was ground t o  
a th i ckness  of 15 micrometers u s i n g  t h e  ab ras i ves  desc r ibed  above. 
t h e n  soaked i n  hexane a t  room temperature u n t i l  t h e  t h i n  specimen f l o a t e d  o f f  of t he  
s l i d e .  
t h a n  a m i l l i m e t e r  across t o  s e v e r a l  m i l l i m e t e r s  long. A l though no r e s i d u a l  adhesive 
c o u l d  be observed on t h e  p ieces  o f  c o a l ,  t o  i n s u r e  complete removal o f  t h e  adhesive 
t h e  samples were immersed i n  a l a r g e  excess o f  f r e s h  s o l v e n t  f o r  seve ra l  days. Then 
t h e  hexane was decanted o f f  and t h e  specimens were s t o r e d  i n  n i t r o g e n  a t  room 
temperature u n t i l  t hey  were used. 

manufactured by Nanometrics Inc. )  operates i n  t r a n s m i s s i o n  and c o n t a i n s  r e f l e c t i n g  
lenses.  Because o f  t h e  r e f l e c t i n g  o p t i c s ,  t h e  v i s u a l  and I R  images o f  t h e  sample 
correspond and t h e  reg ion  o f  t h e  sample be ing  analyzed can r e a d i l y  be i d e n t i f i e d  
v i s u a l l y  w h i l e  i t  i s  i n  p lace  i n  t h e  I R  microscope. T h i s  enables unambiguous 
c o r r e l a t i o n  o f  v i s u a l  m ic roscop ic  c h a r a c t e r i z a t i o n  and I R  a n a l y s i s  f o r  t h e  same area 
o f  t h e  sample. The condenser and t h e  o b j e c t i v e  o f  t h e  microscope a r e  bo th  15 power, 
0.28 numerical ape ra tu re  r e f l e c t i n g  lenses.  The p a r t  o f  t h e  sample t o  be I R  
analyzed i s  o p t i c a l l y  d e l i n e a t e d  by an a d j u s t a b l e  ape ra tu re  a t  t h e  image p lane  o f  
t h e  o b j e c t i v e ,  so no masking i s  needed a t  t h e  sample i t s e l f  t o  d e f i n e  t h e  fna lyzed 
area. The u s e f u l  I R  range o f  t h e  i ns t rumen t  i s  from about 4000 t o  700 cm- (2.5 t o  
14 micrometers). 
r e s o l u t i o n  i s  o n l y  about 1% o f  t h e  wave number va lue  ove r  t h e  IR range; however, 
t h i s  should be adequate f o r  many a p p l i c a t i o n s  w i t h  coa l  because o f  t h e  b read th  o f  
most of t h e  absorbances. The I R  source i s  a N e r s t  Glower and t h e  d e t e c t o r  i s  a 
l i q u i d  n i t r o g e n  cooled mercury cadmium t e l l u r i d e  pho tode tec to r  hav ing h i g h  
s e n s i t i v i t y .  
which i s  s t o r e d  d i g i t a l l y ,  can be a u t o m a t i c a l l y  averaged and d i f f e r e n c e  spec t ra  can 
be obtained. 

R e s u l t s  

e x i n i t e  macerals i n  I l l i n o i s  No. 6 coal  were examined t o  eva lua te  t h e  u t i l i t y  o f  
t h i s  new techn ique  f o r  m ic roscop ic  I R  a n a l y s i s  o f  coals. 
photomicrograph o f  a t h i n  s e c t i o n  specimen c o n s i s t i n g  o f  a megaspore (a form o f  
l i p t i n i t e )  surrounded by r e l a t i v e l y  homogeneous v i t r i n i t e  i s  shown. The t h i n  
s e c t i o n  was p laced  on a bar ium f l u o r i d e  d i s k  on t h e  s tage o f  t h e  IR microscope. 
megaspore and a reg ion  of t h e  v i t r i n i t e  l y i n g  c l o s e  t o  t h e  megaspore on t h e  same 
specimen were analyzed w i t h  t h e  I R  microscope. The analyzed reg ions  a r e  i n d i c a t e d  
by rec tang les  drawn on t h e  photograph o f  t h e  sample; t h e y  a re  each about 55 micro-  
meters wide by 180 micrometers long.  Spect ra o f  t h e  two reg ions  were taken i n  a i r  
a t  room temperature;  t h e y  a re  compared i n  F i g u r e  2. The spec t ra  a r e  d i sp laced  
v e r t i c a l l y  t o  a v o i d  ove r lapp ing .  
scan which was taken  w i t h o u t  t h e  sample present  bu t  w i th  a l l  o t h e r  c o n d i t i o n s  t h e  
same. The subsequent sample s p e c t r a  a r e  a u t o m a t i c a l l y  no rma l i zed  wi th respect  t o  
t h e  reference spectrum. 
scans. 

T h i s  

The sample was 

The sample came o f f  as a number o f  smal l  p ieces  of va r ious  s i z e s  f rom l e s s  

The m ic roscop ic  i n f r a r e d  spectrophometer used i n  t h i s  work (NanoSpeclEOIR 

The I R  monochromator i s  a v a r i a b l e  i n t e r f e r e n c e  f i l t e r .  The 

The o p e r a t i o n  o f  t h e  spect rometer  i s  compu te r -con t ro l l ed  and t h e  data, 

I n  t h i s  p r e l i m i n a r y  s tudy ,  s p e c t r a l  c h a r a c t e r i s t i c s  o f  v i t r i n i t e  and 

I n  F i g u r e  1, a 

The 

The d i sp layed  spec t ra  a c t u a l l y  i n v o l v e  a re fe rence  

Each o f  t h e  two sample spec t ra  i n  F i g u r e  2 a r e  2 m inu te  
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A number o f  d i f f e r e n c e s  between t h e  l i p t i n i t e  and v i t r i n i t e  spec t ra  a r e  
apparent. Note t h a t  s i n c e  t h e  th icknesses o f  t h e  l i p t i n i t e  and v i t r i n i t e  reg ions  
a r e  t h e  Same and s ince  s c a t t e r i n g  i s  min imal ,  these spec t ra  can be d i r e c t l y  compared 
q u a n t i t a t i v e l y  on a p e r  u n i t  volume basis .  Some o f  t h e  more promine t of t h e  
d i f f e rences  a r e  as fo l l ows .  The broad hyd roxy l  peak around 3350 cm-' i s  much deeper 
fo r  t h e  v i t r i n i t e .  
phenols i n  t h e  v i t r i n i t e ,  b u t  i t  may a so i n d i c a t e  more wa te r  absorbed on t h e  
V i t r i n i t e .  
abso rp t i on  than t h e  v i t r i n i t e .  

shows a s u b s t a n t i a l l y  l a r g e r  p ak than  t h e  v i t r i n i t e  on t h e  s i d e  o f  t h e  l a r g e r  

peak probably  i n d i c a t i n g  much mor 
t h e  CH2, CH3 peak around 1440 cm-? i s  much more pronounced f o r  t h e  l i p t i n i t e .  The 
spec t ra  c l e a r l y  c o n t r a s t  t h e  more aromat ic  and h y d r o x y l - c o n t a i n i n g  s t r u c t u r e  o f  t h e  
v i t r i n i t e  t o  t h e  more a l i p h a t i c  s t r u c t u r e  o f  t h e  l i p t i n i t e .  

T h i s  probably  i s  caused c h i e f l y  by a much l a r g e r  number o f  

Between 2800 and 2975 cm- 1 t h e  l i p t i n i t e  shows a much s t r o n g e r  
Th is  i n d i c a t e s  much more a l i p h a t ' c  hydrogen i n  -CH, 

-CH2, AND -CH3 groups i n  t h e  l i p t i n i t e .  A lso,  a t  about  2850 cm- i t h e  l i p t i n i t e  

absorpt ion.  A t  about 1600 cm- ? the  v i t r i n i t e  peak i s  much l a r g e r  than  t h e  l i p t i n i t e  
a romat i c  c h a r a c t e r  i n  t h e  v i t r i n i t e .  Conversely, 

Ment ion should be ade o f  some a r t i f a c t s  which appear i n  t h e  spec t ra  o f  
F i g u r e  2. A t  about 2350 cm- P t h e r e  i s  a peak caused by CO i n  t h e  a i r .  (Th i s  peak 
cou ld  be e l im ina ted ,  i f  des i red,  by s e a l i n g  t h e  r e g i o n  o f  t h e  beam p t h  and 

caused by changes i n  t h e  IR f i l t e r s .  Three f i l t e r s  a r e  used t o  o b t a i n  t h e  f u l l  
spectrum, and small  peaks occur  where t h e  second and t h i r d  f i l t e r s  a re  brought  i n t o  
use. Another a r t i  a c t  i s  broad peaks seen around 2100 cm-l i n  t h e  l i p t i n i t e  
spectrum, 1950 cm- i n  t h e  v i t r i n i t e  spectrum and i n  some o t h e r  areas. These peaks 
a r e  caused by i n t e r f e r e n c e  f r i n g e s  which a r i s e  from t h e  IR r a d i a t i o n  be ing  
i n t e r n a l l y  r e f l e c t e d  from t h e  t o p  and bot tom su r faces  o f  t h e  sample. 
can be m is lead ing  i f  they  a r e  n o t  c o r r e c t l y  i d e n t i f i e d .  

chemical t reatments and t h e  a b i l i t y  t o  pe r fo rm k i n e t i c  measurements was t e s t e d  by 
observ ing t h e  e f f e c t  o f  a p p l y i n g  deu te ra ted  p y r i d i n e  t o  a t h i n  s e c t i o n  o f  v i t r i n i t e  
and then  a l l o w i n g  i t  t o  dry. F i r s t  a 
spectrum was taken o f  t h e  u n t r e a t e d  sample. Then t h e  s o l v e n t  was p laced on t h e  
sample and r e p e t i t i v e  scans were made t o  mon i to r  changes i n  t h e  IR spectrum as t h e  
deu te ra ted  p y r i d i n e  evaporated. 
sample wet w i t h  p y r i d i n e ,  and t h e  sample a f t e r  d r y i n g  f o r  about 20 minutes. 
l a t t e r  spectrum, peaks c h a r a c t e r i s t i c  p f  deu te ra ted  p y r i d i n e  a re  s t i l l  prominent ,  
such as those a t  about 950 and 820 cm- . L a t e r  scans showed no a p p r e c i a b l e  
l essen ing  o f  t h e  peaks. The r e t e n t i o n  o f  some o f  t h e  p y r i d i n e  i s  c o n s i s t e n t  w i t h  
t h e  r e s u l t s  o f  C o l l i n s  et. a l .  (8). 

conven ien t l y  used w i t h  t h i n  sec t i ons  of coal  i n  t h i s  technique.  F i g u r e  4 shows 
spec t ra  o f  reg ions  o f  a t i n y  rough ly  30 X 30 micrometer  p i e c e  o f  v i t r i n i t e .  
spectrum was taken u s i n g  a 21 X 21 micrometer  ana lyz ing  area,  and t h e  o t h e r  spectrum 
was taken  u s i n g  a 20 X 30 micrometer  ana lyz ing  area. 
each scan. Fo r  t h i s  scan t ime ,  t h e  sma l le r  area g i ves  q u i t e  a n o i s y  spectrum, b u t  
t h e  20 X 30 micrometer  spectrum i s  much b e t t e r .  By u s i n g  a l o n g e r  scanning t i m e  o r  
by accumulat ing r e p e t i t i v e  scans t h i s  spectrum c o u l d  p robab ly  be made q u i t e  
respectable.  The s p e c t r a l  r e g i o n  hav ing  t h e  g r e a t e s t  problem i n  t h e  a n a l y s i s  o f  
such very small  areas i s  beyond 1000 cm-' where t h e  s e n s i t i v i t y  o f  t h e  spect rometer  
f a l l s  off .  Subcomponents o r  macerals i n  t h e  coal which a r e  somewhat l e s s  than 25 
micrometers across can p robab ly  be IR analyzed by u s i n g  l o n g  da ta  accumulat ion 
t imes. P re fe rab ly  such smal l  subcomponents should be p h y s i c a l l y  separated from t h e  
surrounding m a t e r i a l .  A l t e r n a t i v e l y ,  t h e  spectrum of a r e g i o n  i n c l u d i n g  t h e  
subcomponent as we l l  as some of t h e  surrounding m a t e r i a l  c o u l d  be subs t rac ted  ( u s i n g  
an a p p r o p r i a t e  n o r m a l i z a t i o n  f a c t o r )  from a spectrum on ly  o f  t h e  surrounding 

m a i n t a i n i n g  a n i t r o g e n  atmosphere). A t  about 2250 cm-l and 1230 cm- P a r e  peaks 

f .  ' 

The f r i n g e s  

The a p p l i c a b i l i t y  o f  t h i s  techn ique  f o r  " i n  s i t u "  IR a n a l y s i s  d u r i n g  

An area 40 X 180 micrometers was analyzed. 

F i g u r e  3 shows spec t ra  o f  t h e  u n t r e a t e d  sample, t h e  
For  t h e  

Tes ts  were made t o  determine t h e  minimum area o f  a n a l y s i s  which cou ld  be 

One 

Four minutes were used f o r  
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m a t e r i a l  i n  o r d e r  t o  i s o l a t e  t h e  c o n t r i b u t i o n  of t h e  subcomponent. Note, however, 
t h a t  f o r  subcomponent s i z e s  near  t h e  wavelength o f  t h e  I R  r a d i a t i o n  t h e  p o s s i b i l i t y  
o f  i n t e r f e r e n c e  e f f e c t s  from t h e  edges o f  t h e  sample must be considered. Such 
e f f e c t s  ought t o  be made apparent  by comparing spec t ra  from subcomponents having 
d i f f e r e n t  s i z e s  o r  shapes. 

D iscuss ion  

I n f r a r e d  spec t ra  o f  good q u a l i t y  have been ob ta ined  on uncontaminated 
i n d i v i d u a l  m ic roscop ic  macera ls  and m ic roscop ic  subregions i n  coal .  Th i s  
development enables t h e  i n f r a r e d  c h a r a c t e r i z a t i o n  o f  m ic rosocp ic  i n d i v i d u a l  
subcomponents of coa ls  and o t h e r  s o l i d  f o s s i l  f u e l s  as opposed t o  o b t a i n i n g  
s t a t i s t i c a l l y  averaged data on complex m ix tu res .  I n  a d d i t i o n ,  v a r i a t i o n s  i n  
f u n c t i o n a l i t i e s  over m ic roscop ic  d i s tances  can be s tud ied .  The techn ique  should 
a l s o  be a p p l i c a b l e  f o r  t h e  a n a l y s i s  o f  v i r t u a l l y  any chemical process o r  chemical 
t rea tmen t  o f  coa l  which causes changes i n  t h e  I R  spectrum and i n  which t h e  area o f  
i n t e r e s t  i s  i d e n t i f i a b l e  a f t e r  t h e  t rea tmen t .  For  example, t h e  i n i t i a l  chemical 
f u n c t i o n a l i t y  o f  an i n d i v i d u a l  m ic roscop ic  maceral o r  subregion can be determined 
w i t h  t h e  microspect rometer ;  t h e  maceral can be reacted;  and t h e  e f f e c t  o f  t h e  
t rea tmen t  on t h a t  same m ic roscop ic  subregion can be determined. 

I n  F i g u r e  2 t h e  I R  spect rum o f  a subregion o f  v i t r i n i t e  about 0.010 mn2 i n  
area i s  compared w i t h  t h e  I R  spect rum from an equal area which i s  w i t h i n  a s i n g l e  
megaspore. The two r e g i o n s  o f  a n a l y s i s  a r e  on t h e  same p i e c e  o f  t h i n  s e c t i o n  and 
they  are separated by o n l y  about  160 micrometers. The two m inu te  scans o f  t h e  15 
micrometer  t h i c k  samples g i v e  e x c e l l e n t  s i g n a l  t o  no ise.  
r e s u l t s  sec t i on ,  these spec t ra  c l e a r l y  c o n t r a s t  t h e  more a romat i c  and hyd roxy l -  
c o n t a i n i n g  s t r u c t u r e  o f  t h e  v i t r i n i t e  t o  t h e  more a l i p h a t i c  s t r u c t u r e  o f  t h e  
megaspore. The a b i l i t y  t o  analyze c l o s e l y  l y i n g  reg ions  hav ing i d e n t i c a l  
p repara t i on ,  equal areas b e i n g  analyzed,  and t h e  same th i ckness ,  f a c i l i t a t e s  
q u a n t i t a t i v e  comparisons of t h e  reg ions .  Thus, w h i l e  these data a r e  g e n e r a l l y  
c o n s i s t e n t  w i t h  t h e  r e s u l t s  o f  Bent and Brown (9)  t aken  on maceral concentrates,  t h e  
p resen t  techn ique  enables a more d i r e c t  q u a n t i t a t i v e  comparison o f  t h e  spect ra.  

uncontaminated t h i n  s e c t i o n  o f  coal .  
o f  movement o f  t h e  sample d u r i n g  t rea tmen t  which would make a n a l y s i s  o f  t h e  same 
m ic roscop ic  r e g i o n  b e f o r e  and a f t e r  t rea tmen t  d i f f i c u l t .  
o f  a drop of s o l u t i o n  t o  t h e  coa l  i s  l i k e l y  t o  cause movement. 
avoided by secu r ing  t h e  sample, bu t  t h i s  may be d i f f i c u l t  f o r  small  samples o r  it 
may a f f e c t  t h e  sample. A l t e r n a t i v e l y ,  i f  t h e  reg ion  under a n a l y s i s  i s  c a r e f u l l y  
recorded, such as on a photograph, t h e n  d u r i n g  o r  a f t e r  t rea tmen t  t h e  sample can be 
a c c u r a t e l y  r e p o s i t i o n e d  on t h e  stage. 

F i g u r e  4 demonstrates t h a t  i s o l a t e d  samples o f  coa l  l e s s  than  30 
micrometers across can be s a t i s f a c t o r i l y  I R  analyzed and t h a t  d e l i n e a t e d  reg ions of 
a sample l e s s  t h a n  25 micrometers ac ross  can be c h a r a c t e r i z e d  by I R .  S igna l  t o  
no i se  l e v e l s  which a re  improved over  those  shown i n  F i g u r e  4 can be ob ta ined  by 
u s i n g  l onger  d a t a  accumulat ion t imes. A l t e r n a t i v e l y ,  i f  b e t t e r  q u a l i t y  da ta  i s  
r e q u i r e d  on ly  f o r  some small  r e g i o n s  o f  t h e  spectrum, then those  reg ions  a lone can 
be scanned t o  sho r ten  t h e  t i m e  needed t o  o b t a i n  an accep tab le  s i g n a l  t o  n o i s e  
l e v e l .  The a b i l i t y  t o  analyze small  reg ions  o f  a coa l  sample i s  impor tan t  even f o r  
a s i n g l e  maceral t ype  such as v i t r i n i t e .  F o r  example, s u b s t a n t i a l  v a r i a t i o n s  occur 
i n  t h e  s t r u c t u r e  (10,ll) and s w e l l a b i l i t y  (12) o f  d i f f e r e n t  m ic roscop ic  areas o f  
v i t r i n i t e  from t h e  same coal .  

by a v a r i a b l e  ape ra tu re  a t  t h e  image p lane o f  t h e  o b j e c t i v e .  

As desc r ibed  i n  t h e  

The spec t ra  i n  F i g u r e  3 demonstrate t h e  " i n  s i t u "  t rea tmen t  o f  an 
One o p e r a t i o n a l  d i f f i c u l t y  i s  t h e  p o s s i b i l i t y  

F o r  example, a p p l i c a t i o n  
Movement can be 

I n  t h e  I R  microscope t h e  r e g i o n  o f  t h e  sample be ing  analyzed i s  de l i nea ted  
Therefore,  no spacia l  



r e s t r i c t i o n s  a re  p laced around or near  t h e  sample i t s e l f .  
sample has been s u b s t a n t i a l l y  m a g n i f i e d  a t  t h i s  image plane, i t  i s  r e l a t i v e l y  easy 
t o  a c c u r a t e l y  de f i ne  even very small  subregions o f  t h e  sample f o r  a n a l y s i s  w i t h  t h e  
aPerature.  However, t h e  geometr ica l  r e g i o n  d e l i n e a t e d  by t h e  v a r i a b l e  a p e r a t u r e  
which i s  observed v i s u a l l y  i s  n o t  n e a r l y  so w e l l  d e f i n e d  f o r  t h e  i n f r a r e d  r a d i a t i o n  
because of d i f f r a c t i o n  e f f e c t s .  
wavelength, so t h e  r e s o l u t i o n  i s  cons ide rab ly  poorer  near t h e  l ong  wavelength end of 
t h e  I R  range. 
Sample, which i s  determined by t h e  numer ica l  aperature,  w i l l  f u r t h e r  d i m i n i s h  t h e  
spac ia l  s p e c i f i c i t y  o f  t h e  d e l i n e a t e d  area. Th is ,  o f  course, becomes more of a 
problem f o r  t h i c k  samples. 
most unambiguous way t o  avo id  c o n t r i b u t i o n s  f rom cont iguous m a t e r i a l  i s  t o  
p h y s i c a l l y  remove t h e  subcomponent f rom t h e  su r round ing  m a t e r i a l .  

The 15 micrometer  t h i c k n e s s  f o r  t h e  I l l i n o i s  No. 6 coal i s  q u i t e  
S a t i s f a c t o r y  s ince  t h e  percent  t ransmiss ions  o f  a number o f  t h e  l a r g e r  peaks a re  
below 40 percent, but  w i t h o u t  s a t u r a t i o n .  Also, a t  t h i s  t h i c k n e s s  t h e  t h i n  s e c t i o n s  
can be conven ien t l y  manipulated w i t h o u t  f r a c t u r i n g .  
t echn ique  f o r  p repara t i on ,  samples c o n t a i n i n g  any maceral t ypes  and even s u b s t a n t i a l  
amounts of minera l  m a t t e r  can be prepared. A wide range o f  coa ls  ( w i t h  t h e  p o s s i b l e  
excep t ion  o f  very low o r  very ,h igh  ranks)  can be handled by these techniques.  

m i s l e a d i n g  when t r y i n g  t o  i n t e r p r e t  t h e  spect ra.  
t h e  I R  r a d i a t i o n  r e f l e c t s  from t h e  t o p  and bot tom su r face  o f  t h e  sample and then  
i n t e r f e r e s  w i t h  t h e  u n r e f l e c t e d  beam. 
t h e  t o p  and bottom su r faces  a re  n e a r l y  p a r a l l e l  and where t h e  th i ckness  o f  t h e  
sample i s  comparable t o  t h e  wavelengths o f  t h e  r a d i a t i o n  such as f o r  t h e  t h i n  
s e c t i o n  specimens used i n  t h e  techn ique  desc r ibed  here. 
t h e  i n t e r f e r i n g  beam i s  no t  l a r g e  s i n c e  i t  i s  r e f l e c t e d  t w i c e  and it passes th rough  
t h e  sample t h r e e  t imes  i n s t e a d  o f  once. Thus, as seen i n  F i g u r e  2, t h e  f r i n g e s  a re  
most prominent i n  t h e  s p e c t r a l  reg ions  hav ing l o w  absorbance. The f r i n g e s  can be 
p a r t i a l l y  compensated f o r  by de te rm in ing  t h e i r  p o s i t i o n  and i n t e n s i t y  i n  a l ow  
absorbance reg ion  and then  c a l c u l a t i n g  and s u b t r a c t i n g  out t h e i r  c o n t r i b u t i o n  t o  
o t h e r  p a r t s  o f  t h e  spectrum where t h e i r  presence i s  l e s s  obvious. A l t e r n a t i v e l y ,  
t i l t i n g  t h e  sample, o r  u s i n g  samples o f  d i f f e r e n t  t h i cknesses  and o f  h i g h e r  
adsorbance can be used t o  i d e n t i f y  t h e  e f f e c t s  o f  t h e  f r i n g e s  on a spectrum so t h a t  
t hey  can be compensated fo r .  

Summary and Conclusions 

Microscopic  macerals and subregions i n  coal  have been c h a r a c t e r i z e d  by 
i n f r a r e d  spectroscopy u s i n g  a new technique.  
t h e  coal as small  as 25 micrometers across can be analyzed. The techn ique  u t i l i z e s  
new procedures f o r  p r e p a r i n g  uncontaminated t h i n  s e c t i o n s  o f  coal  i n  combinat ion 
w i t h  a r e c e n t l y  a v a i l a b l e  m ic roscop ic  IR spectrometer. 

Because t h e  t h i n  s e c t i o n  specimens a r e  not  contaminated w i th  adhesives o r  
embedding ma te r ia l s ,  and because t h e  samples a r e  r e a d i l y  access ib le  on t h e  s tage of 
t h e  I R  microscope, t h i s  techn ique  i s  w e l l  s u i t e d  fo r  " i n  s i t u "  t rea tmen ts  o f  t h e  
coal .  A l t e r n a t i v e l y ,  s i n c e  t h e  15  micrometer  t h i c k  specimens o f  coal  can o r d i n a r i l y  
be handled and t r a n s p o r t e d  w i t h o u t  damage (if proper  ca re  i s  taken) ,  an u n t r e a t e d  
sample can be i n i t i a l l y  analyzed, t hen  i t  can be removed from t h e  i ns t rumen t  f o r  
chemical or thermal t rea tmen t ,  and f i n a l l y ,  t h e  same specimen can be r e t u r n e d  t o  t h e  
microspect rometer  f o r  de te rm ina t ion  o f  t h e  changes i n  t h e  I R  spectrum. The a n a l y s i s  
of t h e  same spectrum b e f o r e  and a f t e r  t rea tmen t  i s  h i g h l y  d e s i r a b l e  f o r  micro-  
heterogeneous substances such as coal. 

Since t h e  image of  t h e  

The s p a c i a l  u n c e r t a i n t y  i s  p r o p o r t i o n a l  t o  t h e  

The d ivergence o r  angu la r  spread o f  t h e  IR beam pass ing th rough  t h e  

For  a n a l y s i s  o f  a very smal l  subregion i n  t h e  coa l ,  t h e  

Using t h e  desc r ibed  g r i n d i n g  

The i n t e r f e r e n c e  peaks which occur i n  t h e  spec t ra  o f  F i g u r e  2 can be 
These f r i n g e s  occu r  when some o f  

The f r i n g e s  a r e  p a r t i c u l a r l y  a problem where 

However, t h e  i n t e n s i t y  o f  

I n d i v i d u a l  macerals o r  subregions o f  
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The m ic roscop ic  I R  spect roscopy techn ique  desc r ibed  here d i f f e r s  from and 
complements p r i o r  I R  work on maceral concentrates i n  be ing  ab le  t o  s p a c i a l l y  
d e l i n e a t e  an i n d i v i d u a l  subcomponent be ing  I R  analyzed and t o  c h a r a c t e r i z e  it 
v i s u a l l y  i n  t h e  c o n t e x t  o f  i t s  surroundings.  

P r e l i m i n a r y  I R  measurements on m ic roscop ic  subregions o f  i n d i v i d u a l  
macerals o f  homogeneous-appearing v i t r i n i t e  and o f  megaspores i n  I l l i n o i s  No. 6 coal 
c l e a r l y  demonstrate q u a n t i t a t i v e  as w e l l  as q u a l i t a t i v e  chemical d i f f e r e n c e s  between 
these  macerals. T h i s  work demonstrates t h a t  good q u a l i t y  I R  spec t ra  o f  microscopic  
subregions o f  coal can be obta ined.  
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F i g .  1. Thin S e c t i o n  Sample of I l l i n o i s  No. 6 
Coal  C o n t a i n i n g  Regions of V i t r i n i t e  and 
L i p t i n i t e  

\ 
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Fig .  2 .  I R  S p e c t r a  of Microscopic  Regions of V i t r i n i t e  
and L i p t i n i t e  i n  t h e  Same Thin S e c t i o n  Sample of 
I l l i n o i s  No. 6 Coal  
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F i g .  3. I R  S p e c t r a  of  a Microscopic  Region  of 
V i t r i n i t e  i n  a Thin  S e c t i o n  of I l l i n o i s  No. 6 C o a l  
Top ----- U n t r e a t e d  Sample 
Middle -- Liquid  D e u t e r a t e d  P y r i d i n e  on t h e  Sample 
Bottom -- A f t e r  P y r i d i n e  h a s  Evapora ted  
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F i g .  4 .  I R  S p e c t r a  of a Thin  S e c t i o n  Sample of 
I l l i n o i s  No. 6 C o a l  having  a n  Area of 30~mX30am 
Top ----- D e l i n e a t e d  Area i s  21umX2114m 
Bottom -- D e l i n e a t e d  Area i s  2OwmX30um 
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